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SYNOPSIS 


Boride based hard alloys possess high refractoriness, 
extremely high hardness and excellent wear resistance properties. 
These intrinsic physical, mechanical and tribological properties 
have attracted the attention of many researchers in developing the 
new generation of hard alloys. 

The present research is divided into two parts. First part 
covers the preparation and properties of Mo_,FeB„ - a Fe (0 - 38.57 
vol.%) cermets prepared by two routes viz. elemental route and the 
MoB route. The effect of binder content and sintering temperature 
(1250° - 1350°C) on various properties like sintered density, 
Vickers hardness, transverse rupture strength and indentation 
fracture toughness were studied. The second part covers the role 
of different binders viz. Fe, Ni and Fe Q 5 Ni Q 5 in affecting the 
properties of individual Mo-boride based cermets, which were 
produced by MoB route only. 

The sintering process undergoing during synthesis' in case of 
such cermets corresponds to reactive liquid phase sintering. In 
the initial stage, sintering occurs leading to the formation of 
Fe^B in the temperature range 452°- 462°C. The exothermic 
reaction is: 

FeB + Fe = 

During the progress of solid state sintering a complex 
Mo 2 FeB 7 ternary boride phase is formed above 852°C by the reaction 
between FeB and molybdenum powders. The exothermic reaction is as 
follows : 

2FeB + 2Mo = Mo 2 FeB 2 + Fe 



Prior to the liquid phase formation, Mo^FeB^ boride phase is also 
formed above 927°C according to the following exothermic reaction: 

2Fe 2 B + 2Mo = Mo 2 FeB 2 + 3Fe 

In the initial stage of the liquid phase sintering, an 
eutectic liquid phase is formed above 1092°C by the reaction 
between ^Fe and Fe 2 B according to the following reaction: 

tfFe + Fe 2 B — > L 

The surface tension associated with the liquid (L ) exerts a 
capillary force, due to this capillary action the interconnected 
pores are filled up by the liquid (L ^ ) and the particle 
rearrangement starts in the initial stage of the densif ication 
process. In the second stage of the liquid phase sintering above 
1142°C another liquid (L 2 ) phase is formed by the reaction between 
tfFe, Mo 2 FeB 2 and phases. The reaction is as follows: 

■yFe + L. + Mo 0 FeB„ = L_ + Mo_FeB^, 

6 C XJ 1 2 2 2 2 2 

Fragmentation of yFe phase and Mo 2 FeB 2 particle rearrangement in 
the liquid (h^) are predominant in this stage of densif ication 
process. Particle coarsening of Mo 2 FeB 2 phase occurs in the 
latter stage of the sintering. 

The as received powders and ball milled powder premixes were 
characterized in terms of particle size and shape with the help of 
Coulter Counter analysis and Scanning Electron Microscopy studies 
respectively. The powder metallurgy (P/M) processing route 

involved ball milling in acetone for 38 hrs. with 2 mass % 
micronized wax powder. Cold compaction of the dried and granulated 
powder premixes was carried out in the pressure range between 330 
to 340 MPa. Vacuum dewaxing was performed at 380°C for 45 mins, 
followed by vacuum sintering in the temperature range between 



1250°C to 1350°C for 1 hour. Phase Identification was carried out 
on diamond polished specimens with the help of X-ray diffraction 
analysis. Quantitative metallography study viz. boride grain mean 
linear intercept, binder mean free path and boride phase 
contiguity was performed with the help of optical metallography. 
Fractography study in case of TRS fractured specimens was also 
carried out with the help of Scanning Election Microscopy study. 

It is observed that the straight Mo^FeB^ boride prepared 
through the MoB route after any sintering temperature exhibits 
lower porosity as compared to the elemental route. This is 
attributed to the faster solid state reaction in the former. In 
case of Mo 2 FeB 2 -ceFe cermets such enhanced densif ication is quite 
predominant after 1250°C sintering. The other two sintering 
temperatures viz. 1300°C and 1350°C exhibit almost identical 
densif ication in either processing route. This reflects that the 
attainment of equilibrium is identical in case of 1300°C and 
1350°C sintering temperature in either processing route. 

Vickers hardness and Transverse Ruptui e Strength of Mo 2 FeB 2 
boride and its aFe bonded cermets increase with the increase in 
binder content and sintering temperature in either processing 
route. The MoB processing route exhibits higher value, which is 
attributed to lesB volume fraction of % total sintered porosity in 
the cermets. Mo^eB^ -25 . 62 vol . % aFe cermet prepared through the 
elemental route after 1350°C sintering exhibits a maximum hardness 
and TRS of 1149 VHN and 630 MPa respectively. In case of MoB 
route, cermet containing 25.63 vol . % aFe binder prepared after 



aFe cermets 


Indentation fracture toughness of M<> 2 FeB 2 
prepared through the MoB route after 1350”C sintering increases 
with the increase in aFe binder content. This is attributed to 
the fact that the increase in volume fraction of aFe binder 
toughens the Mo^FeB^aFe cermets. Mo^FeB^ boride based cermet 
containing 25.62 vol . % aFe binder exhibits a maximum indentation 
fracture toughness of 10.65 MPa /m. 

Saturation magnetic flux density in case of Mo 2 FeB 2 ~aFe 
cermets prepared through either route after 1350°C sintering 
increases with the increase in aFe binder content and decrease in 
% total sintered porosity. This is attributed to the fact that 
aFe binder is ferromagnetic in nature and reduction in the 
porosity level in the sintered cermet decreases the hysteresis 
loss. Cermet containing 25.62 vol . % aFe binder prepared through 
the elemental route gives rise to a maximum saturation magnetic 
flux, density of 46.3 T. 

Thermal shock resistance (AT) of Mo.,FeB_-aFe cermets prepared 
through the MoB route after 1350°C sintering is independent of the 
binder content and AT exhibits <340°C. 

The corrosion resistance of the straight Mo 2 FeB 2 boride 
prepared through the MoB route after 1350°C sintering is superior 
in 10 wt . % HF solution as compared to 10 wt . % HCl solution, where 
as, in case of aFe bonded cermets corrosion resistance is superior 
in 10 wt . % HCl solution. The difference In corrosion potential 
between Mo 2 FeB 2 boride phase and the aFe binder is higher in 10 
wt . % HF solution. 

Coming to the second part of the investigation, it is evident 
from the results that aFe and y(FeNi) bonded cermets show a 



hardness peak, whereas, Ni bonded cermets show a uniform hardness 
fall. The peak hardness in Fe(Ni) bonded cermets is attributed to 
better densif ication . The fall in hardness after ~12 vol . % 
Fe(Ni) binder addition is due to the softening effect of Fe(Ni) 
binder, which is quite predominant in case of nickel bonded 
cermets. The hardness decrease in case of straight ternary- 
borides follow the order Mo NiB — > Mo„(I'e n c Ni n c ) B„ — > Mo„FeB„ . 
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The straight Mo^NiB^ ternary boride exhibits a hardness value of 
2 

1163 kgf/mm . Mo 2 FeB 2 - 12 . 43 vol . % aFe cermet shows a maximum 

2 

hardness of 1195 kgf/mm . 

Transverse rupture strength of Mo„Fe (Ni) B 2 -Fe (Ni) cermets 

increases rapidly with the increase in Fe (Ni ) binder content. This 

is attributed to the better densif ication of the cermets with 

increase in volume fraction of the binder phase which contributes 

to better composite strengthening. TRS of the cermets decreases 

in the binder sequence Ni — > ^(FeNi) ctFe . Mo 2 NiB 2 - 23.74 

vol . % Ni cermet shows a maximum TRS of 1380 MPa. 

Indentation fracture toughness increases uniformly with the 

increase in Fe(Ni) binder content with the exception in 37.22 

vol . % ^(FeNi) bonded cermet, where it shows a rapid decrease. The 

sequence in indentation fracture toughness variation also follows 

the pattern identical to TRS. Mo„ (Fe n ,-Ni- r )B_-24.41 vol . % 

20.50.52 

^(FeNi) cermet shows a maximum identation fracture toughness of 
29.59 MPav'm. 

Boride grain mean liner intercept ( I ' ) of Mo^FeB,, based 

cermets increases with the initial binder addition. After 12.43 

vol . % aFe binder addition it gets reduced. In case of ^(FeNi) 

bonded cermets, reduces initially, with binder addition. 

a 



with 


Nickel bonded cermets exhibit a uniform increase in T 

a 

increase in the binder content. Cermets containing 12.43 vol . % 
aFe, 11.51 vol% ■y(FeNi) and 23.74 vol . * N.i binders respectively 
exhibit maximum boride grain coarsening. In general the 
coarsening sequence is Ni > ^(FeNi) > aFe. 

Binder mean free path (T^ ) of Mo 2 Fe (Ni ) - Fe (Ni ) cermets 
increases with the increase in binder content, whereas, the 
boride phase contiguity decreases with the increase in binder 
content. It is interesting to note that the boride phase 
contiguity decreases in the binder order Ni< y(FeNi) < aFe. 

The saturation magnetic flux density of Mo 2 FeB 2 ~aFe and 
Mo-(Fe n ..Ni- r ) B- -y (FeNi) cermets increases almost linearly with 
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the increase in Fe(Ni) binder content. It Is interesting to note 
that the aFe bonded cermets show higher saturation magnetic flux 
density as compared to y(FeNi) bonded ones. This is attributed to 
higher spin dipole magnetic moment of aFe phase as compared to 
K (FeNi) binder. 

A significant improvement in thermal shock resistance is 
achieved in case of Mo n (Fe n c Ni n c ) B„ - a" (FeNi) and Mo„NiB-,-Ni 
cermets with the increase in binder content . These cermets give 
rise to a thermal shock resistance AT equal to 770°C. This is 
attributed to small difference in coefficient of volume thermal 
expansion between the hard and binder phases. 

Corrosion weight loss study in 10 wt . % HCl and 10 wt . % HF 
solutions in case of Mo 2 Fe (Ni) B 2 -Fe (Ni) cermets reveals that the 
corrosion resistance follows a trend Ni > 7 (FeNi) >> aFe in either 
corrosive medium. It is interesting to note that Mo 2 Fe (Ni ) B 2 - 
Fe(Ni) cermets, in general, exhibit poor corrosion resistance in 



10 wt . % HF solution as compared to 10 wt . % HC1 solution, with the 
exception in nickel bonded cermets, where the values are in 

proximity. Also the unique feature is that the straight Mo^FeB^, 

corrodes maximum in 10 wt . % HCl solution. The maximum porosity 

level in Mo^FeB^ attributes to more exposed effective surface area 
to corrosive medium, while lower corrosion potential favours more 
corrosion. The corrosion potential of the ternary boride 

increases in the order Mo„FeB„ — > Mo„(Fe„ r Ni. c ) B„ — > Mo„NiB„ , 
whereas, the binder corrosion potential increases in the order 
aFe — w (FeNi) — > Ni. . 



CHAPTER I 

LITERATURE REVIEW 

. 1 INTRODUCTION 

The conventional heat, wear and corrosion resistant alloys 
uffer from the disadvantages of the unstable source of supply of 
he expensive materials like tungsten, cobalt and lack of 
ombination of superior physical and mechanical properties. To 
chieve the equivalent or higher property level at the expence of 
igher production cost, extensive research have been carried out 
y various authors [1-6] . The recently developed boride based 
ard alloys serve the above criteria. The boride based hard 
Hoys were first commercially developed in Japan in the end of 
he last decade (1986) by Japanese firm named Toyo Kohan . These 
ard alloys are designated by the trade name KH (sintered boride) 
roup. According to their specific properties the KH group has 
aen further divided into four subgroups such as general purpose 
ear resistant alloys, the corrosion and wear resistant alloys, 
ae heat and wear resistant alloys and the ferromagnetic wear 
ssistant alloys designated by V, C, H and M respectively. 

Boride based hard alloys comprise of a hard M 2 M'B 2 (M = 
afractory Metal, M' = Transition Metal of iron group) mixed 
Duble boride phase with a metal binder. The binder phases are 
:raight one or alloyed with various transition and refractory 
atals. These cermets are produced during the liquid phase 
Lntering process. The binder content in these cermets varied 
:om 0 to 4 0 vol %. 

These alloys suffer from the disadvantage of inferior 
ransverse rupture strength, primarily due to poor wettability 



between the boride phase and metal binders. The boride based hard 
alloys are almost equivalent to cemented carbide because of their 
light weight and superior corrosion resistance property. The 
specific gravity of such cermets is three fifth of cemented 
carbide and almost equivalent to steel. The hardness, transverse 
rupture strength, as well as wear and corrosion rsistance 
properties are also superior to tool steel, high speed steel and 
stainless steel respectively. 

The Fe-B-Mo boride based hard alloys are extensively used as 
forming tools, machine parts, powder treatment equipment parts and 
in other various applications. 

1.2 Mo-Fe-B BASED CERMETS 

1.2.1 Phase Equilibria and Crystal Structures 

Reiger et al . [7] established the crystal structure of 
Mo 2 FeB 2 borlde P hase in the ternar y fe-B-Mo alloy. The Mo 2 FeB 2 
has tetragonal lattice configuration with the lattice parameter a 
= 5.782A°, c = 3.148A° and c/a = 0.544. The crystal structure is 
isotype with that of U 3 Si 2 super-structure . 

Gradyshevsky et al . [8] established the Fe-B-Mo phase 
equilibria in details at 1000°C. The isothermal ternary Fe-B-Mo 
phase equilibrium diagram is shwon in Fig. 1.1. The authors 
reported the crystal structures of Mo 2 FeB 2 and MoFeB^ phases in 
details . 

Haschke et al . [9] investigated the isothermal ternary 
Fe-B-Mo phase equilibria in details at 1050°C, which is shown in 
Fig . 1.2. 

Various phases present in this ternary alloy system, their 
crystal structures, structure type, lattice parameters as reported 
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Isothermal Fe-B-Mo ternary equilibr 
diagram at 1000 °C. 



are listed in Table 1.1. 

Table 1.1 : Crystallographic details including Theoretical 

Densities of various Metallic-lntermetallicBinders and 
Hard Boride Phases in the Ternary Fe-B-Mo Alloy System 


Phase 

Crystal 

Struct . 

Lattice Parameter 

(A) 

Theoretical 

Ref 


Struct . 

Type 

a 


c 

Density 

Mg/m 3 


aFe 

Cubic 

(BCC) 

W 

2 .8604 

- 


7.8648 

52 

Mo 

II 

1) 

3 .1472 

- 


10 .2206 

53 

B 

Tetragonal 

B 

10 . 1 

- 

14 .28 

2.366 

54 

MoFe 

Tetragonal 

CrFe 

9.218 

- 

4 . 813 

9.2439 

55 

Mo,Fe„ 

6 / 

Hexagonal 

W 6 Fe ? 

4 .751 

- 

25 . 68 

9.5913 

56 

Mo 2 B 

Tetragonal 

Al 2 Cu 

5.547 

- 

4 . 739 

9.2329 

57 

Mo 3 B 2 

II 

U 3 Si 2 

1 

6 .002 

- 

3 . 146 

9.0673 

58 

MoB 

II 

MoB 

3.105 

- 

36.97 

8.6671 

59 

MoB 2 

Hexagonal 

aib 2 

3 . 04 

- 

3.07 

7.9445 ' 

60 

MoB 

Orthorombic 

CrB 

3 .16 

8.61 

3.08 

8.4608 

61 

M0 2 b 5 

Hexagonal 

Mo 2 B 5 

3.011 

- 

20.93 

7.4548 

62 

FeB 

Orthorombic 

FeB 

4 . 0587 

5 . 5032 

2 . 947 

6.7025 

63 

Fe 2 B 

Tetragonal 

A1 2 Cu 

5.099 

- 

4 .24 

7.3807 

6 4 

MoFe 2 B 4 

Orthorombic 

Ta 3 B 4 

3.128 

12 .70 

2.984 

7.0282 

6 5 

Mo 2 FeB 4 

tl 

Ta 3 B 4 

3.11 

14 .27 

3.19 

6.8253 

66 

Mo 2 FeB 2 

Tetragonal 

U 3 Sl 2 

5.782 

- 

3.148 

8.4991 

67 


1.2.2 Powder Metallurgy (P/M) Processing and Microstructural 
Aspects 

The inital stage of preparation of Fe-B-Mo ternary alloy is 
the blending of FeB or iron-boron master alloy powder with pure 
molybdenum and carbonyl iron powders in the stoichiometric ratio 















care of any oxygen in the powder mixture. Paraffin and micronized 

wax powder are added prior to the mechanical alloying process. 

The blended powder is subsequently mechanically alloyed in the 

vibratory mill or in the ball mill. Mechanical alloying is 

carried out in an inert medium like CH.OH, CkH r OH or in (CH_ )„C0 

3 Z b o Z 

to prevent oxidation of powders as well as to facilitate 
homogeneous slurry mixing of the blended powder mixture. The 
mechanically alloyed powder is warm - dried in an oven in vacuum 
or in an inert atmosphere like He, Ar or N 2 . 

Micronized wax powder (4-5 mass%) added to the blended powder 
prior to the mechanical alloying process acts as a bonding agent 
by coating the powder particles during the mechanical alloying 
process. Paraffin added to the powder mixture reduces the 

friction between the powder particles. 

The warm dried powder is granulated and cold compaction is 

carried out at a compaction pressure range of 147-265 MPa. 

♦ - 2 

Dewaxing is carried out in vacuum (6.7 - 6 . 7x 10 Pa). The 

dewaxed specimens are subsequently sintered in vacuum in the 

temperature ragne between 1200° - 1327°C. The optimum percentage 

(~0.4 mass %) of graphite powder is added to the powder mixture in 

order to reduce the oxides present in the as received powder or 

oxides formed during the mechanical alloying process. According 

to authors [3] the significant improvement in the mechanical 

properties are achieved by carbon addition to the powder mixture. 

German et al . [10] investigated the liquid phase sintering 

process in Fe-0-1 . IB- 0-5 Mo (mass%) ternary alloys. According to 

them, an iron rich boron (Fe 2 B) eutectic liquid phase is formed 

during the sintering process. The porosity level is quite 



significantly reduced by the presence of this liquid phase at the 
interparticle regions and pore rounding occurs as the sintering 
proceeds. The molybdenum added to the alloy acts as a ferrite 
stabilizer. It enhances the diffusion process and thereby leading 
to the improvement in densif ication efficiency. At the same time 
molybdenum degrades the densif ication efficiency along with the 
formation of a complex ternary Mo 2 FeB 2 boride superhard phase. 

Ide et al . [11] developed an excellent microstructure in 

Fe-6B-48Mo(% m) ternary alloy by the liquid phase sintering 
process. The initial stage of solid state sintering process 
involves the formation of Fe 2 B phase in the temperature range 
between 452°-462°C. The exothermic reaction is 
FeB + Fe = Fe 2 B 

During the progress of solid state sintering process a complex 
Mo 2 FeB 2 ternary boride phase is formed above 852°C by the reaction 
between FeB and molybdenum powders. The exothermic reaction is as 
follows : 

2FeB + 2Mo = Mo 2 FeB 2 + Fe 

Prior to the liquid phase formation, Mo 2 FeB 2 boride phase is also 
formed above 927°C according to the following exothermic 
x*eaction : 

2Fe 2 B + 2Mo = Mo 2 FeB 2 + 3Fe 

In the initial stage of the liquid phase sintering process, an 
eutectic type liquid phase is formed above 1092°C by the reaction 
between ^Fe and Fe 2 B according to the following reaction: 

•yFe + Fe 2 B >L 

The surface tension associated with the liquid (L^ ) exerts a 
capillary force, due to this capillary action the interconnected 



pores are filled up by the liquid (L ) and the particle 
rearrangement starts in the initial stage of the densif ication 
process . 

In the second stage of the liquid phase sintering process, 
above 1142°C another liquid (L^) phase is formed by the reaction 
between rFe, Mo 2 FeB 2 and phases. The reaction is as follows: 

tfFe + + Mo 2 FeB 2 = L 2 + Mo 2 FeB 2 

Fragmentation of jFe phase and Mo 2 FeB 2 particle rearrangement in 
the liquid (L^) are predominant in this stage of densi f ication 
process. 

Particle coarsening of Mo 2 FeB 2 phase occurs in the latter 
stage of the sintering process. The optimum mechanical properties 
are achieved by the proper control of sintered microstructures 
[11] . The characteristic features of these alloys are that the 
atomic ratio between Mo and B less than unity favours the 
formation of L 1 liquid phase, while excessively deficient Mo 
content facilitates the formation of a brittle Fe 2 B phase, which 
has detrimental effect on the mechanical properties. The optimum 
atomic ratio between Mo and B X., /X = 0.9 is best suited for 
better control of sintered microstructures in the ternary Fe-B-Mo 
alloy . 

1.2.3 Physical and Mechanical Properties 

Various physical and mechanical properties of the heat and 
wear resistance boride based hard alloys are discussed in the 
present section. 

1.2. 3.1 Sintered Density and Porosity 

The work of German et al . [10] bn Fe- 0-1 . IB- 0-5Mo {% m) 
alloys clearly reveals that the densif ication rate is little 



iffected by Mo addition upto 3 masfi % in contrast to B. 
lolybdenum stabilizes the ferrite, the diffusion rate is quite 
significantly faster- in ferrite as compared to the austenitic 
shase. Boron addition enhances the densif ication efficiency quite 
significantly. It forms a low melting (iron rich boron (Fe^B) + 


rFe) eutectic liquid 

phase . 

The 

interparticle regions 

are 

completely filled up 

by the 

presence of 

this liquid. 

The 

formation of Mo 2 FeB 2 

complex 

boride 

phase 

gives rise to 

less 


Jensif ication efficiency as compared to t.he indivisual components. 

Sintered density is also affected by the degree of sintering. In 

rase of sintering at 1200°C for 1 hr. in Fe-B-Mo ternary alloys 

containing Mo and B atomic ratios close to 1.1, 2.8, 0.1 gave rise 

3 

:o sintered densities approximately 6.69, 6.9, 7.63' Mg/m 

respectively [10] . The atomic ratio of Mo and B close to unity 
jave rise to approximately. 15% total porosity in the sintered 
product. In case of higher Mo and B atomic ratio, i.e. x Mo / x B ~ 
2.8 reduced the porosity level upto approximately 12.9 %, it 

clearly indicated that Mo stabilizes the ferrite, thereby enhances 
che diffusion process. Lower level of the Mo and B atomic ratios 
Eavoured the liquid phase sintering process. The atomic ratio of 
4o and B close to 0.1 gave rise to sintered density close to 
approximately the theoretical value in case of the above 
Isothermal and isochronal sintering condition. 

Ide et al . [4] carried out liquid phase sintering on 

?e-6B-XMo (X = 0, 15, 30, 38, 43, 48 and 58 mass %) alloys in the 

, - 2 

martial pressure range between 6.7 to 6.7x10 Pa, the sintering 

cemperature range between 1077°C to 1327°C for a period of 20 

linutes . The sintered density increased monotonically with the 
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increase in Mo content approximately from 7.5 Mg/m to 8.5 Mg/m . 
The characteristic feature is that the ultimate sintered density 
remains almost constant in the above sintering temperature range 
for isocomposition alloy. 

In Fe-B-Mo ternary alloys the density increases primarily 
with the increase in Mo content. The ultimate sintered density 
did not vary significantly in the temperature range between 1125°C 
- 1300°C. Maximum sintered densities as reported [1] in Fe-5B-XMo 
(X = 40, 44.4, 48.8 mass %) alloys were approximately 7.8, 7.9 and 
8.05 Mg/m respectively in case of vacuum sintering in the above 
mentioned sintering temperature range for a period of 20 minutes. 
Without carbon additon approximately 96% of the theoretical 
density was achieved. In Fe-5B-44.4Mo (%m) alloy maximum sintered 
density close to the theoretical density was achieved by optimum 
percentage of carbon addition. The atomic ratio of Mo and B close 
to unity favours the maximum density with the optimum percentage 
of carbon addition e.g. 0.7 and 1.0 mass% respectively. A 
reduction stage at 1050°C for 1 hr. prior to the vacuum sintering 
in the above mentioned sintering parameter gives rise to a maximum 
sintered density of 8.2 Mg/m , close to the theoretical value. 

1,2. 3. 2 Hardness 

The hardness of the heat and wear resistant boride based hard 
alloys is primarily affected by the presence of sintered 
porosities and strongly influenced by the presence of complex 
ternary Mo 2 FeB 2 boride phase as well as on the structural 
morphologies of the sintered cermets. 

German et al . [10] investigated that molybdenum addition 
increases the hardness in the absence of boron, the latter is 



having the beneficial effect in the absence of molybdenum. The 
presence of both molybdenum and boron gave rise to an 
unsystematic variation in hardness. 

In Fe-0-1 . 1B-0-5MO (%m) alloys [10] containing equal atom 
percent of Mo and B corresponds to the stoichiometric atomic ratio 
of the extremely hard Mo 2 FeB 2 boride phase formation. The 
hardness level increased to 17 HRB in case of the alloy containing 
Mo and B atomic ratio close to 2.8, the total sintered porosity 
level decreased to approximately 12.9% in the above sintering 
condition. Mo and B atomic ratio close to 0.1 gave rise to 
sintered density very near to the theoretical density value in the 
above isothermal and isochronal sintering condition. It resulted 
in a maximum hardness value of 83 HRB. The % total sintered 
porosity was completely eliminated by the presence of a low 
melting eutectic liquid phase, this gave: rise to the increase in 
the sintered hardness upto the maximum level. 

The addition of Mo in the binary Fe-6 mass% B alloy 
drastically increased the hardness by the formation of an extremely 
hard Mo 2 FeB 2 complex boride phase. In ternary Fe-6B~XMo {X = 15, 
20, 38, 43, 48, 53, 58 mass %) alloys the volume fraction of 
Mo 2 FeB 2 phase increases with the increase in Mo content in the 
vacuum sintering temperature range between 1077°C to 1327°C for 20 
minutes, this resulted in the monotonic increase in the hardness 
value [4] . The liquid phase sintering process in the above 
ternary alloys gave rise to maximum densif icat ion efficiency. 
Sintered density close to the theoretical density was achieved by 
the above process resulting in the maximum sintered hardness value 


of 88 HRA. 



The research of Takagi et al . [1] on Fe-5B-XMo (X = 40.0, 

44.4, 48.8 mass %) alloys reveals that the sintered hardness did 

not vary in a systematic manner in the sintering temperature 
range between 1125°C- 1300°C . The presence of various oxides in 
the powder compact gave rise to incomplete maximum densi f ication 
efficiency, it resulted in an unsystematic variation in the 
sintered hardness. In Fe-5B-44.4 Mo (mass %) alloy the sintered 
hardness increased monotonically with the increase in y percent 
carbon (y = 0.5, 0.7, 1.0, 1.5 mass %) addition. A reduction 

stage at 1050°C for 1 hr. prior to the above isothermal and 
isochronal sintering condition gave rise to approximately constant 
sintered hardness in each case. The optimum percentage of carbon 
addition (0.7 mass %) resulted in a minimum residual oxygen 
content in the powder compact . Higher percentage of carbon 
addition gave rise to higher residual oxygen content, which 
resulted in incomplete reduction of the oxides and the inhibition 
of low melting eutectic liquid phase in the interparticle regions. 
The increase in the residual carbon content of the alloys gave 
rise to the increase in the volume fraction of Fe^ (BC) phase along 
with the complex Mo 2 FeB 2 boride phase in the aFe binder". The 
sintered hardness increased from 84 HRA to 90 HRA with the 
increase in residual carbon content. 

1.2. 3. 3 Tensile Strength and Ductility 

The sintered strength is inversely proportional to the total 
sintered porosities and strongly depends on the nature and 
morphologies of various boride phases. Fe- 0 -1 . IB- 0 . 5 Mo (%m) 
alloys [10] after sintering at 1200°C for 1 hr. in dry hydrogen 
atmosphere gave rise to sintered strength behaviour similar to 



density and hardness trend as described earlier. The Mo and B 
atomic ratio greater than unity resulted in the increase in 
tensile strength from 200 to 260 MPa approximately. Equal Mo and 
B stoichiometric atomic ratio resulted in the formnation of a 
brittle Mo 2 FeB 2 complex ternary hard boride phase. The excess Mo 
stabilizes the ferrite binder, causing an increase in the 
percentage elongation from 8 to 11% approximately. The molybdenum 
and boron atomic ratio less than unity favoured the formation of a 
low melting iron rich boron extremely brittle (Fe 2 B) phase. In 
this region the tensile strength increased approximately from 210 
to 385 MPa at the expense of ductility. Ductility drastically 
reduced approximately from 11.5% to zero with the increase in the 
volume fraction of Fe 2 B brittle phase. 

1.2. 3. 4 Transverse Rupture Strength ( TRS ) 

The transverse rupture strength primarily depends on the 
porosities in the powder compact and is strongly affected by the 
nature and morphologies of the complex boride phases in the 
sintered cermets. 

Takagi et al . [1] investigated that vacuum sintering of 
Fe-5B-xMo (X = 40.0, 44.4, 48.8 mass%) alloys in the temperature 
range between 1125°C to 1300°C for 20 minutes gave rise to a 
monotonic increase in the transverse rupture strength in the lower 
sintering temperature range, while it decreased drastically beyond 
the critical temperature in the higher sintering temperature 
range. Maximum transverse rupture strength of 1630 MPa was 
achieved at 1250°C for the stoichiometric Mo and B atomic ratio. 
The Mo and B atomic ratio close to unity in Fe-5B-44.4Mo (%m) 
alloy favoured the formation of maximum volume percent of Mo_FeB 



boride phase along with the a Fe binder. This resulted in the 
increase in transverse rupture strength. Lower atomic ratio of Mo 
and B i.e. ~ 0.9 gave rise to the formation of an intrinsic 

brittle Fe ? B boride phase along with the complex Mo 2 FeB 2 boride 
phase in the a Fe binder. The transverse rupture strength 
drastically reduced by the presence of intrinsic brittle Fe 2 B 
boride phase. A reduction stage at 1050°C for 1 hr. prior to 
vacuum sintering in the above sintering condition in y %C (y = 
0.5, 0.7, 1 mass %) added alloy significantly increased TRS . The 

maximum TRS value of 2050 MPa was achieved in case of vacuum 
sintering at 1250°C. Higher percentage (1 mass %) carbon addition 
resulted in incomplete reduction of oxides and the formation of 
Fe^ (BC) phases in the powder compact. Incomplete densif ication 
resulted in significant reduction in TRS value. 

Ide et al . [4] investigated that the TRS in Fe-6 mass% B 

binary alloy drastically increased with the increase in Mo 
content, the addition of Mo gave rise to the formation of high 
strength Mo 2 FeB 2 complex boride phase. In Fe-6B-XMo (X = 15, 30, 
38, 43, 48, 53, 58 %m) alloys vacuum sintering in the temperature 
range 1077°C to 1327°C for 20 minutes resulted in a monotonic 
increase in TRS. At the same time it decreased with the increase 
in sintering temperature. Maximum TRS of 1900 MPa was achieved in 
Fe-6B-48Mo (%m) alloy after sintering at 1227°C for the above 
isochronal sintering condition. The molybdenum and boron atomic 
ratio close to 0.9 gave rise to a small volume fraction of 
extremely brittle Fe 2 B boride phase along with the complex Mo 2 FeB 2 
boride grains along with the a Fe binder. The fractograph reveal 
the ductile failure of the a Fe binder along with the 



intergranular failure between Mo 2 FeB 2 complex boride grains and 
the a Fe binder. The alloy containing Mo and B atomic ratio close 
to 0.7 gave rise to approximately 22 vol % of Fe 2 B boride phase. 
The fractographs reveal the transgranular fracture mode due to 
intrinsic brittleness of Fe 2 B boride grains. The TRS was 
significantly reduced by the presence of the extremely brittle 
Fe 2 B boride phase. In 53 mass % Mo containing alloy sintered at 
high temperature resulted in a drastic reduction in TRS. Failure 
took place by the transgranular brittle fracture mode. The 
complex Mo 2 FeB 2 ternary boride grain coarsening at high 
temperatues played a predominant role in the significant reduction 
in the TRS value. 

1.3 Mo-Fe-Ni-B BASED CERMETS 

1.3.1 Phase Equilibria and Crystal Structures 

There is lack of sufficient information available regarding 
the quaternary Fe-B-Mo-Ni alloy equilibrium phase diagram. Takagi 
et al . [3] investigated various phases in the above quaternary 
alloy system (0-10 mass % Ni addition in the ternary Fe-5B-44.4 Mo 
alloy), namely complex Mo 2 FeB 2 boride phase, a Fe, y Fe and Fe 2 B 
phases in the ferrite (a) , austenitic (y) and martensitic (a' ) 
binders respectively. Ferrite is the interstitial solid solution 
of carbon in bcc aFe . Austenite has the cubic lattice 
configuration, the structure type is isotype with that of NaCl 
structure. Martensite (FeC) phase has the metastable body 
centered tetragonal lattice configuration. Ni addition in the 
ternary Fe-5B-44.4 Mo (% m) alloy resulted in the formation of a 
substitutional solid solution with Fe, the crystallographic 
details of which has not been investigated. 



1.3.2 


Powder Metallurgy (P/M) Processing and Microstructural 
Aspects 

Takagi et al . [3] investigated the P/M processing of the 
quaternary Fe- 5B-- 44 . 4Mo-XNi (X = 1, 2.5, 5, 7.5, 10 mass %) 
alloys. It consisted of the milling of the Fe~14.9B (% m) master 
alloy powder along with pure molybdenum, carbonyl nickel and 
carbonyl iron powders in the stoichiometric ratio. Graphite 
powder (0.4 %m) was added in the powder mixture in order to reduce 
any oxides formed during the milling process. Milling was carried 
out in an inert medium like acetone with 5 mass % paraffin. Cold 
compaction was performed at a compaction pressure of 147 MPa 
followed by dewaxing and subsequently vacuum sintering at 1250°C 
for 20 minutes. Ni addition in the ternary Fe-5B-44.4 Mo (% m) 
alloy enhanced the liquid phase sintering process and corrosion 
resistance quite significantly. The sintered microstructures 
mainly consisted of the complex Mo 2 FeB 2 ternary boride phase along 
with., the small volume fraction of intrinsic brittle Fe 2 B boride 
phase in the ferrous binder. The charact.eri Stic features of these 
quaternary alloys were that, with the increase in Ni content from 
1 to 2.5 (mass %) the binder phase transformed from ferritic (a) 


to martensitic 

(a ' ) phase . 

Ni content 

at 

5 mass 

% or 

above 

resulted in the 

formation of 

austenitic: 

(V) 

binder 

phase . 

The 


Auger Electron Spectroscopy revealed that Ni addition in the 
Fe-5B-44.4 Mo (% m) ternary alloy resulted in the formation of 
substitutional solid solution of the ferrous binder, the 
crystallographic details of which was not clear. 

1.3.3 Physical and Mechanical Properties 

The important physical and mechanical properties in the 
quaternary Fe-B-Mo-Ni alloys related to the research, such as, the 



sintered density, hardness and transverse rupture strength are 
described in this section. 

1.3. 3.1 Sintered Density 

Sintered density is primarily dependent on the volume 
fraction of the porosities in the sintered cermets. Ni addition 
strongly enhanced the liquid phase sintering process thereby 
resulting in a significant increase in the densif ication 

efficiency [3] . The sintered density increased monotonies lly from 
8.21 to 8.28 Mg/m with the increase in Ni content from 0 to 10 
mass% . 

1. 3. 3. 2 Hardness 

Sintered hardness is primarily dependent on the nature and 
morphologies of the pores and is st.rongly affected by the 
microstructural morphologies of various boride phases in the 
sintered cermets. Hardness value increased monotonically from 
approximately 86.5 to 87.5 HRA with the increase in Ni content 

from 1 to 5 mass%. The sintered hardness drastically reduced to 
84.8 HRA in case of alloy containing 10 mass% Ni [3], 

1.3. 3. 3 Transverse Rupture Strength ( TRS ) 

The transverse rupture strength property [3] of the quaternary 
Fe- 5B-44 . 4Mo-XNi (X=l , 2 . 5 , 5 , 7 . 5 , 10 mass%> alloys are primarily 
dependent on the pore morphologies of the sintered cermets. It is 
strongly affected by the microstructural morphologies of the 
various boride phases as well as on the characteristics of various 
binder phases in the sintered cermets. TRS value increased 
approximately from 2.1 GPa to a maximum of 2.24 GPa with the 

increase in nickel content from 1 to 2.5 mass%, and was 

drastically reduced beyond the optimum nickel content level . 



Minimum value of TRS was reported as 1.4 GPa in case of alloy 
containing 10 mass% nickel. Alloy containing 2.5 mass% nickel 
resulted in the formation of a comparatively high strength 
martensitic (a') binder phase and it gave rise to a maximum TRS. 
Above this nickel content the TRS drastically reduced by the 
stabilization of the comparatively low strength austenitic (r) 
binder phase. 

1.4 MO-Ni-B BASED CERMETS 

1.4.1 Phase Equilibria and Crystal St.ructures 

Very little research has been carried out on the ternary 
Mo-Ni-B alloy system. Kolomystesev and Moskaleva [12] established 
the ternary Mo-Ni-B alloy isothermal equilibrium phase diagram up 
to 50 atom% boron addition at 800°C, 1000°C and 1200°C 

respectively. The isothermal ternary equilibrium phase diagrams 
at 1000°C and 1200°C are identical ones. Isothermal ternary 

Mo-Ni-B alloy equilibrium phase diagram at 800°C and 1000°C/l200°C 
are shown in the Fig. 1.3 and 1.4. Various metallic, intermetallic 
and boride phases corresponding to 1000°C/l200°C isothermal 
equilibrium phase diagram are Mo, Ni, MoNi , MoB, Mo^B, Mo 2 NiB 2 , 
NiB, Ni„B, Ni_B and Ni.B_ respectively. Isothermal ternary 

Mo-Ni-B equilibrium phase diagram at 800“c contains the above 
phases along with Ni^Mo and Ni^Mo intermetallic phases. Mo 2 NiB 2 
has a tetragonal lattice configuration [13] . The structure types 
isotype with that of U 3 Si 2 superlattice configuration [7] . The 
ternary Mo 2 NiB 2 complex boride phase also crystallizes to an 
orthorhombic crystal lattice configuration [13] . The structure 
type is isotype with that of W 2 CoB 2 superstructure [14] . Various 
crystallographic details including theoretical densities of these 



r>i 

CD 


CO 


ID«0t0" %| Z „ II 

rn (N st vXJ q q * 2 l q q (t) 

ZZZZ22Z2Z2ZZ 



-ig. 1.3. Isothermal Section of Molybdenum-Nickel-Boron Phase Diagr 
at 800 # C . 


CO 00 CD pp. CO v 
.j? .s* o o .e o .. 


o o 
2 IE 
o ._r\^ 

2 z : z: 


P-CD^ CtQlx^to 2 b ^cS 


<< 

+ 

X-f CD 






*■ 


X. 

/ \ 

/ ^ 

/ - 

/ + 

/ 

/ z / 


/ / 

+ 

+ 

<o 

V «■ 

/ S 

> 

/ + 

x 

' »o^. 

s' 


to 

y 


0 Z 

1 O 

z: ^ 


co^< 

fM —T 5 

O C5 

2 00 




Isothermal Section of Molybdenum - Nickel-Boron Phase Diagram 
at 1000 /1200 'C. 


metallic intermetall ic binders and superhard boride phases are 
listed in the Table 1.2. 

1.4.2 Powder Metallurgy (P/M) Processing and Microstructural 
Aspects 

The powder metallurgy (P/M) processing route of Mo 2 NiB 2 
boride based cermets is identical to that of Mo 2 FeB 2 boride based 
cermets as described in section 1.2.2. The P/M processing of 
Mo 2 NiB 2 boride based cermets followed by Komai et al. [13] 
involved the ball milling of MoB powder, pure Ni and pure Mo 
powders in acetone, followed by compaction of the powder - mixture 
and subsequent vacuum sintering of the green compact at 1300°C for 
20 minutes. The authors [15] invest igated the mechanism of liquid 
phase sintering process of Mo 2 NiB 2 boride: based cermets by using a 
ternary model alloy containing Ni-6B-58.6Mo (%m) . During the 

first stage of solid state sintering process the complex Mo 2 NiB 2 
ternary boride phase is formed below 955°C according to the 
following reaction: 

2MoB + Ni = Mo 2 NiB 2 

In the second stage above 955°C, the quasi-eutectic reaction 
between the Mo 2 NiB 2 and Ni based binder phase forms an eutectic 
liquid and considerable densif ication of the compact occurs by 
particle rearrangement and solution/reprecipitation of Mo 2 NiB 2 
boride phase. The sintered microstructures mainly consisted of 
uniform distribution of Mo 2 NiB 2 boride grains with nickel based 
binder. The complex Mo 2 NiB 2 ternary boride phase prepared by the 
above process had an orthorhombic lattice configuration [14] as 
described in the previous section. 



Table 1.2 


: Crystallographic details including Theoretical 

Densities of various Metallic-intermetallic Binders 
and Hard Boride Phases in the Ternary Mo-Ni-B Alloy 
System 


Phase 

Crystal 

Struct . 

Lattice Parameter 
(A°) 

Theoretical 

Ref 


Struct . 

Type 

a 

b 

c 

Density 

Mg/m 3 


Mo 

BCC 

W 

3 . 1472 

- 

- 

10 .2206 

53 

Ni 

FCC 

Cu 

3 . 5238 

- 

- 

8 .9116 

68 

MoNi^ 

Tetragonal 

MoNi 

9 .108 

- 

8 .852 

9.7913 

69 

Ni^Mo 

Tetragonal 

MoN i 4 

5.720 

- 

3 . 564 

9 .4201 

70 

Ni^Mo 

Orthorhombic 

Cu 3 Ti 

5.064 

4 .224 

4.448 

9.4961 

71 

MoB 

Tetragonal 

MoB 

3 .105 

- 

3 6.97 

8.6671 

59 

Mo 2 B 

Tetragonal 

Al Cu 

5 . 547 

- 

4.739 

9.2323 

57 

NiB 

Ort horhombi c 

CrB 

2.936 

7.38 

2.968 

7.1799 

72 

Ni 2 B 

Tetragonal 

A1 2 Cu 

4.991 

- 

4.247 

8.0503 

73 

Ni 3 B 

Orthorhombic 

Fe_.C 

4 .392 

5 . 223 

6 .615 

8.1822 

74 

Ni 4 B 3 

Orthorhombic 

3 * 
Ni 4 B 3 

11.96 

2 . 98 

6 . 57 

7.5809 

75 


Monoclinic 

Ni 4 B 3 

6.430 

4 . 882 

7.818 

7.4325 

76 

Mo 9 NiB 9 

Tetragonal 

Mo^NiB^ 

10.036 

- 

3 1 . 952 

8.2601 

76 

Mo 2 NiB 2 

Orthorhombic 

W 2 C0B 2 

7.075 

4 .557 

3.179 

8 .8198 

15 


1.4.3 Mechanical Properties 


Among the various mechanical properties, sintered hardness 
and transverse rupture strength (TRS) as available in the 
literature are described below. 

1.4. 3.1 Hardness 

Komai et al . [13] reported that Mo^JiB^ boride based sintered 
cermet containing 23 vol . % nickel binder phase gives rise to a 
hardness value of 85 HRA at room temperature. 

1.4. 3. 2 Transverse Rupture Strength (TRS) 

The TRS of the Mo-6B-35.4Ni (% m) ternary alloy is strongly 
affected by the grain size and structural morphologies of hard 
boride phases and binder phases. A TRS value of approximately 1.7 
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GPa was reported at room temperature [13] . 

1.5 WEAR BEHAVIOUR OF BORIDE BASED CERMETS 

The boride based hard alloys have superior wear resistant 
properties. Takagi et al . [16] studied the sliding wear property 

in details along with the abrasive wear property. The sliding wear 
test consisted of pressing a fixed sintered specimen with a 
constant load against a rotating standard wheel (e.g., JIS SKH3 , 
ASTM T-4 equivalent, HRA 80.4 and SUS 440C, HRA 80.0 etc.). The 
specific wear rate (S.W.R.) is defined as the loss of volume of 
the sintered material during sliding wear per unit load per unit 
sliding distance as given by the following formula: 

954.93 (m - m ) 

S - W - E ' ' -L-r-ri - fp mrn ' k3f 

where 

m 1 = Mass of the sintered specimen before the test (gms) 

m 2 = Mass of the sintered specimen after the test (gms) 

L = Applied load (kgf) 

p = Density of the sintered specimen (Mg/m ) 
r = Radius of the wheel (cm) 

n = r.p.m. 

T = Time (sec.) 

It was pointed out by various authors [16] that the SUS 440 C wear 
test at a constant load of 18.86 kgf with a sliding distance of 
600 m having the sliding velocities 0.62, 0.94, 1.65 m/s gave rise 
to the specific wear rate of 4.337 x 10 , 36.63 x 10 mm /kgf 

respecitively . 

Another sliding wear test with the identical specimen and 
wheel material with the sliding velocities 0.62, 0.94, 1.65, 2.38, 
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4.39 m/s gave rise to the specific wear rate of 0.649 x 10” , 
1.022 x 10~ 8 , 0.468 x lO -8 , 0.255 x 10' 8 , 0.123 x 10~ 8 mm 2 /kgf 
respecit ively under identical test conditions . 

During the abrasive wear test a fly ash (CaO-60 SiO 2 ~20 Al 2 C> 3 
etc. (mass%) with an average particle size of 17 pm was blasted on 
the sintered specimen at an angle of 0.789 rad. for 30 minutes. 
It was established that the Fe-5.4B-46.6Mo-l.9Cr-2.9Ni ( %m ) boride 
based hard alloy exhibited superior wear resistant property. 

Takagi et al [16] studied the abrasive wear behaviour [ASTM 
B611-76] in the boride based hard alloys containing Fe-5B-43 
Mo- 8Cr- 2 . 5Ni -XC (X=0.014, 0.073, 0.102, 0.156 mass%) . The 
spherical silica-water abrasive wet slurry concentration as 
reported was 1 kg/1 with an average particle size of 10 pm. It 
was found out that the abrasive wear resistance increases with the 
increase in the volume fraction of the boride phases in the 
martensitic binder. 

SUS 440 C sliding wear test [18] with a final load of 18.86 
kgf with a sliding distance of 600m having the velocities 0.62, 
0.94, 2.38, 4.39 m/s respectively resulted in a superior sliding 
wear resistance in the V 30 (Fe -5 . 4B-4 6 . 6 Mo-2.9 Ni-1.9Cr (%m)) 
boride based hard alloys. 

1.6 CORROSION BEHAVIOUR OF BORIDE BASED HARD ALLOYS 

Corrosion weight loss, high temperature oxidation and 
potentiodynamic studies of boride based hard alloys as available 
in literatures are described in the following sections. 

1.6.1 Corrosion Weight Loss Study 

Takagi et al [17] presented corrosion data on several boride 
based hard alloys (KHM) grade : Fe-3-7B-23-54Mo-l-25Cr-l- 8Ni (%m) 
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jsing various corrosive media especially in 10% HCl, 10% HNO^ , 
lone . H 2 S0 4 , Cone. H 3 P0 4 10% CH 3 COOH, 15% NaOH, 15% KOH, sea water 
and drinking water at room temperature as well as in Coca-Cola and 
a model solution of tomato juice (4 . 5 g Citric acid + 50 g Sugar + 
3 g Sodium Chloride + 42 g Sodium Nitrate/1, adjusted pH 4.06 with 
Sodium Citrate) at 80°C for 10/20 hours. Coca-Cola and tomato 
iuice were used as corrosive media in reference to can making 
:ool . 

Komai et al [18] carried out corrosion weight loss study in 
Io 2 FeB 2 boride based hard alloys containing Fe-5.5B-44.4 Mo-XNi 
X=0, 1, 2.5, 5, 7.5, 10 9%m) ) using a non-oxidizing 10 wt% HCl 
olution at 27°C for 24 hours. It was pointed out that the 
orrosion resistance increased with the increase in Ni binder 
ontent . Corrosion weight loss study in Mo 2 FeB 2 boride based hard 
Hoys containing Fe-5 . 5B-44 . 4Mo-XCr (X= 0, 2.5, 5, 10, 15 (%m)) 

n an oxidizing 10 wt% HNO_ solution for the above identical 

onditions revealed that corrosion resistance also increased with 
he increase in Cr binder content. The authors also performed the 
orrosion weight loss study in case of four Mo 2 FeB 2 boride based 
odel hard alloys containing Fe - 6 . OB- 4 7 . 5Mo-2 . 5Cr-3 . ONi , Fe-6.0B 

46 . 0Mo-2 . 5Cr-6 . 5Ni , Fe-5 . 0B- 42 . 5MO-10 . 0Cr-3 . ONi, Fe-5. 5B-41 . 5Mo 
20.0Cr -8. ONi (%m) using 10 wt% HCl and 10 wt% HN0 3 solutions. 

: was pointed out that high Ni containing alloys exhibited 
jperior corrosion resistance in 10 wt% HCl solution with the 

cception in case of 10Cr-3Ni (%m) alloy. This was attributed to 
svere localized corrosion of binder phases. In 10 wt% HN0 3 

ilution corrosion resistance increased with the increase in Cr 


intent in the ferrous binder. 


In another investigation Komai et. al. [14] performed thi 
corrosion weight loss study in Mo 2 NiB 2 boride based cermets 
containing Ni-6.0B~58.6 Mo-XCr(X=0, 5, 10, 15 (%m)) using 10wt% 

HCl and 10 wt% HNO^ solutions at 40°C for 10 hours. It was found 
that the corrosion resistance increased with the increase in Cr 
content. The authors also reported that corrosion resistance of 
Mo-Ni-Cr boride based Cermets in 10 wt . % HCl solution exhibited 
superior corrosion resistance than that of cemented carbide (WC-10 
Co), P/M high speed steel (Fe-12 . 9Cr-5 . 2V-2 . 6C- 1 . 8 Mo), SUS 405 
ferritic stainless steel (Fe-11. 5-14 . 5Cr-<0 . 6Ni- <0 . 12C- <lSi ) SUS 
440C martensitic stainless steel (Fe- 16- 1 8Cr- 0 . 6Ni - < 0 . 95 - 1 . 2C- 
<lSi) , SUS 316L austenitic stainless steel (Fe, 16-18Cr, 12-16Ni, 
2-3Mo <0.03C<lSi), SUS 304 austenitic stainless steel (Fe, 

18 -20Cr , 8-llNi <0.08C, ISi) , SKD 11 tool steel (Fe, ll-13Cr, 
0.8-1.2MO, 0.2-0.5V, 1.4-1.6C), Hastelloy C(Ni, 14.5-16.5Cr, 

15-17MO, 4-7Fe, 3-4W, 2.5Co) respectively. In 10wt% HNC> 3 

oxidizing solution non Cr containing cermet exhibited less 
corrosion resistance than those of cemented carbide, Hastelloy C 
and was almost in proximity to high speed steel and SKD 11 tool 
steel respectively. 

Corrosion weight loss study in 10 wt% HF solution also 
revea ]_ ec j quite significant improvement in corrosion resistance with 
the increase in Cr content [15] • The authors also found that the 
corrosion resistance of Mo-Ni-Cr boride based cermets in 10 wt% 
HF solution was better than those of cemented carbide (WC-10 wt% 
Co), powder metallurgy (P/M) high speed steel, stainless steels 
(SUS 405, 44 0C, 316L and 304) and an alloy steel and comparable to 
that of Hastelloy C respectively. 



1.6.2 High Temperature Oxidation Studies 

Komai et al [13] carried out high temperature oxidation 
studies of Mo 2 NiB 2 boride based cermets containing 
Ni - 6B- 58 . 6Mo-XCr (X -0 , 5, 10, 15 (%m)) in air at 900°C for 1 hour. 
It was found that the corrosion resistance increased with the 
increase in chromium content. It was also reported that the 
corrosion resistance of Mo 2 NiB 2 boride based cermets was superior 
to SKD 11 tool steel (Fe, ll-13Cr, 0.8-1.2MO, 0.2-0.5V, 1.4-1.6C 
(%m) and were almost in proximity to SUS 304 austenitic stainless 
steel (Fe, 18~20Cr, 8-llNi, <0.8C, <lSi (%m)). 

1.6.3 Potentiodynamic Studies 

Komai et al. [18] carried out potentiodynamic studies in 
Mo 2 FeB 2 boride based model hard alloys of compositions, 
Fe-6 . OB-47 . 5Mo - 2 . 5Cr- 3 . ONi , Fe-6 . OB-46 . OMo-2 . 5Cr-6 . 5Ni , Fe-5.0B 
-42.5Mo -10 . OCr-3 . ONi, Fe-5 . 5B-41 . 5Mo-22 . 0Cr-8 . ONi { %m) , using a 
non-oxidizing 10 wt% HC1 and an oxidizing 10 wt% HNC> 3 solutions at 
27°C. It was found that the corrosion potential of Mo 2 FeB 2 
complex boride phase in 10 wt% HC.L solution ranged from 
approximately 0 to 50 mv with respect to Ag/AgCl electrode. The 
corrosion potential of the binder phase was reported in the range 
from 4 50 mv to -280 mv. Preferential attack of the binder phase 
was noticed because the ferrous binder was more active than the 
complex Mo 2 FeB 2 boride phase. The authors also reported that the 
corrosion potential of the complex Mo 2 FeB 2 boride phase in 10 wt% 
HN0 3 solution ranged from approximately 100 to 200 mv, whereas the 
ferrous binder had a wider range of corrosion potential from -250 
to 250 mv. Preferential attack of the binder phase in lower 
chromium containing cermets was reported because of lower 



corrosion potential of the binder phase with reBpect to the 
complex Mo 2 FeB 2 boride phase. The transition of localized 
corrosion phase from ferrous binder to the complex Mo 2 FeB 2 boride 
phase was found with increase in chromium content . 

1,7 Scope of the Present Investigation 

Not much research has been carried out on the Mo 2 FeB 2 ternary 
boride, only the isothermal sections of Fe-B-Mo teranry alloy 
system at 1000°C and 1050°C have been investigated in details 
[8,9]. Similarly isothermal sections of Ni-B-Mo ternary alloy 
systems at 800°C, 1000°C and 1200°C have been reported [12] . The 

crystal structure of Mo 2 FeB 2 is isotype with that of U 3 Si 2 
superstructure [7] , while that of Mo ? NiB 2 corresponds to Vl^CoB^ 
superstructure [14] . 

In the present investigation an attempt has been made to 
prepare Mo 2 FeB 2 ~a Fe cermets by two routes viz elemental route 
where Mo, Fe and B powders were used and the other as MoB route, 
where MoB and iron were selected. Unlike Takagi et al [1] process 
the starting boride presently was MoB in place of FeB . An attempt 
has been made to study the effects of a-iron binder addition 
(0-38.57 vol%) and sintering temperature on various physical, 
mechanical, magnetic, thermal shock resistance and corrosion 
properties on these cermets. 

Komai et al [13] also investigated the reaction sintered 
Mo 2 NiB 2 based cermets in which certain interesting properties were 
reported. The literature survey reveals that no systematic work 
has been done on partly replacing the iron binder in Mo 2 FeB 2 based 
cermets by nickel. As nickel is much more costlier than iron, 
such cermet design would be of great significance from the 
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technoeconomic view point. A possible; trade off may be 
permissible in certain cases. In addition, literature does not 
systematically mention the effect of the increase in the binder 
volume fraction on the resultant properties of the ternary boride 
based particulate composites. An attempt, is made to fill this gap 



CHAPTER II 

EXPERIMENTAL PROCEDURE 

The detailed experimental procedure carried out in the 
present study are described in this chapter. 

2.1 RAW MATERIALS 

The raw materials with specific powder characteristics, used 
in the present research, are described below. 

2.1.1 Carbonyl Iron Powder 

The SF grade carbonyl iron powder manufactured by GAF 
Corporation, USA was used. Its chemical compositions and powder 
characteristics are as follows. 

3 

Chemical Compositions : Apparent Density : 2.26 Mg/m 

High Purity - 99.99% Average Particle Size : 2.17 pm 

2.1.2 Boron Powder 

The boron powder manufactured by Aldrich Chemical Company 
Inc. USA was used. Its chemical compositions and powder 

characteristics are given below: 

3 

Chemical Compositions : Apparent Density : 0.82 Mg/m 

High Purity - 99.99% Average Particle Size : 3.72 pm 

2.1.3 Molybdenum Powder 

The molybdenum powder manufactured by Metallwerk Planse, 

Austria was used in the present research. It's powder 

characteristics are as follows: 

3 

Chemical compositions : Apparent Density : 1.15 Mg/m 

High Purity - 99.99% Average Particle Size : 2.11 pm 

2.1.4 Nickel Powder 

Type 123 grade INCO nickel powder supplied by INCO EUROPE 

LTD. was used. Its various properties are given below: 


3 

Chemical Compositions : Apparent Density : 2.03 Mg/m 

C 0.06% Average Particle Size : 1.59 pm 

Fe 0.005% 

O 0.05% 

Co 0.0003% 

N 0.003% 

S 0.003% 

Other elements 0.001% 

Ni Balance 

2.1.5 Molybdenum Boride (MoB) Powder 

The molybdenum boride (MoB) powder manufactured by CERAC 
Inc. U.S.A. was used. Its chemical compositions and powder 
characteristics are as follows: 

3 

Chemical Compositions Apparent Density : 1.98 Mg/m 
(%m) 

Mo 89.82% Average Particle Size : 2.16 |Lim 

Al .0.03 
Ca 0.01 
Fe 0.005 
Mg 0.13 
Si 0.01 
Ti <0.001 
B Balance 

2.1.6 Paraffin Wax Powder 

Source : La Ceresene, France 
Melting Point : 60 -62°C 
Density at 25°C : 0.88 Mg/m 3 
Maximum Oil Percentage : 0.07 
Acidity Index : Nil 



2.2 POWDER CHARACTERIZATION 


The as received powders were characterized for particle 
shape, particle size and its distribution and apparent density. 
The ball milled powder premixes were characterized for particle 
size distribution. 

2.2.1 Particle Shape 

The as received powders were mixed with acetone and stirred 
well and also ultrasonically agitated. Few drops of turbid 
acetone containing powder specimen was taken on a polished 
brass/aluminium stub and dried at room temperature. The powder 
particle morphology was studied in the JEOL-JSM 84 OA SEM using 
10-15 kV operating voltage in the Secondary Electron Imaging 
mode . 

2.2.2 Particle Size 

The particle size of the as received and milled powder 
premixes were characterized with the help of Coulter Counter. 
The principle is based on the change in electrical resistance 
when powder particles suspended in electrolyte passes through a 
small aperture . The change in the electrical resistance 
produces a voltage impulse which is proportional to the particle 
volume, thereby/ the particle size is proportional to the cube 
root of particle volume. The number of counts (voltage impulse) 
were measured at various lower and upper thresholds with various 
current and amplifications. 1% NaCl electrolyte with coulter 
dispersant was used for analysis. 

The average particle size (d ) was calculated from the 
particle size distribution accoridng to the formula given below: 




where, %m. = mass % oversize 

2.2.3 Apparent Density (p ) 

The apparent density of as received powders were measured by 
using Hall Cup. The apparent density was calculated according to 
the formula : 

Pa p ■ v M 9 /m 

where, m = Mass of the powder filling the Hall Cup (g) 

V = Volume of the Hall Cup (25 cm 3 ) 

2.3 POWDER METALLURGY (P/M) PROCESSING 

Mo 2 FeB 2 boride based cermets were prepeared from the 
elemental carbonyl Fe, B and Mo powders (Elemental Route) as well 
as from carbonyl Fe and MoB powders (MoB route) . The powder 
mixtures compositions were adjusted in such a manner that the 
cermets prepared from the elemental and MoB routes contained 
identical vol . % of binder phase along with the complex Mo 2 FeB 2 
boride phase. The binder content in these cermets varied from 0 
to 38.6 vol . % . 

Mo 0 (Fe n ..Ni- _)B_ - t (FeNi) and Mo„NiB_. -Ni cermets were 

prepared only through the MoB route. The binder content in these 
cermets varied from 0 to 37.22 vol. %. Chemical compositions of 
various constituents used for P/M processing of Mo^Fe (Ni) B 2 ~ 
Fe(Ni) cerments are given in Table 2.1 and 2.2. The schematic 
flow diagram of P/M processing carried out in the present study 
is shown in the Fig. 2.1. 



ELEMENTAL ROUTE 


MoB ROUTE 



Fig. 2.1. Schematic Flow Diagram of the P/M 
Processing of Mo 2 Fe(Ni)B 2 -Fe(Ni) 
Cermets. 













Table 2.1 : Compositions of various constituents in mass% used 

for the P/M processing of Mo^eB^-aFe cermets through 

the elemental route. 



Mo 2 FeB 2 


Binder Content 


aFe Cermets 


Mass 


(vol . % ) 

Fe 

B 

Mo 

0 

20.72 

8 . 02 

71 . 26 

12 .43 

30 . 00 

7.09 

62 . 91 

25 . 62 

40 . 00 

6 . 08 

53 . 92 

38 . 57 

50 . 00 

5 . 06 

44 . 94 


Table 2.2 : Compostions of various constituents in mass% used for 

the P/M processing of Mo, Fe (Ni ) B -Fe (Ni) cermets 

A A 

through the MoB route 


Mo 2 FeB 2 - ocFe Cermets 


Binder Content 
aFe 

(vol . %) 

0 

12 .43 
25 . 62 
38 . 57 


Mass 

Fe 

20 . 73 
30 
40 
50 


MoB 

79.27 

70.00 

60.00 
50.00 


Mo ( Fe 
2 0.5 


Binder Content 
7 (FeNi) . 

(vol.%) Fe 


0 10.31 

11.51 15 

24.41 20 

37.22 25 


)B,,- 7 (FeNi ) Cermets 


Mass 


Ni 


10 . 84 
15 
20 
25 


MoB 


78 . 85 
70 
60 
50 


Mo 2 NiB 2 -Ni Cermets 


Binder Content 
Ni 


Mass 


(vol . % ) 

Ni 

MoB 

0 

21.57 

78 .43 

10 . 88 

30 

70 

23 . 74 

40 

60 




























2.3.1 Powder Premix Preparation 

Weighed quantity of powders were manually mixed with the 
help of mortar and pastle for l/2 hr, followed by wet ball 
milling in acetone for 38 hours in 'Fritsch Pullverisette 5' 
centrifugal type ball mill using WC lined bowl containing 19.95mm 
< p WC balls. Prior to 4 hrs . of completion 2 mass% micronized wax 

powder was added as a binder to improve the green strength. The 

ratio of feed-to-ball by mass was kept at 1:5. The powder 
mixture slurries were dried at room temperature in a desiccator 
containing fused CaCl 2 . The dried powder mixture was later 
granulated manually. 

2.3.2 Room Temperature Compaction 

Rectangular parallelepiped shaped green compact of the size 

3 

25.1 x 8.2 x 5.9 mm were prepared from the granulated powder 
mixtures in a 50T electric driven Hydraulic press (Fuel 
Injection, India make) using a pressure range from 330-340 MPa 
to achieve 70% of the theoretical green density. Tungsten 
Carbide lined steel die was used for cold compaction. Prior to 
each powder filling, die and punch walls were cleaned with 

acetone and lightly lubricated with Zinc Stearate. 

2.3.3 Vacuum Dewaxing and Sintering 

Vacuum dewaxing and sintering were carried out in a 

laboratory type SiC-heated horizontal tubular furnace (Rating : 
1.5 kVA, 220 V, 10 amps). The furnace tube was made up of 
recrystallized alumina (I.D = 38 mm, 1 = 980mm ). One end of 

the recrystallized alumina tube was attached to a rotary pump 
(Hind High Vacuum Ltd. make) and the other to a vacuum 
thermocouple gauge sensor. The system was able to attain a 



_ 2 

maximum vacuum of 5 x 10 m bar. The furnace had a heating zone 
of approximately 105 mm in the temperature range between 
1250°C- 1350°C with an accuracy of ±3°C. The schematic furnace 
diagram, with the vacuum system and electrial circuit diagram are 
shown in the Pig 2.2. 

Vacuum dewaxing of the green powder compact was carried out 
at 380°C for 45 mins in vacuum (pressure 5 x 10 m bar) . Slow 
heating rate of approximately 6°C/min was used for the dewaxing 
stage to avoid any damage of the green specimen. 

The dewaxed specimens were subsequently sintered at 1250°C, 
1300°C and 1350°C in vacuum (pressure 5 x 10 m bar) for 1 hr 
respectively. An approximate heating rate of 7°C/min was 
maintained. The sintered specimens were subsequently cooled 
under vacuum at a rate of 2°C/min. 

2.4 DENSIFICATION BEHAVIOUR 


The following densif ication properties were measured for the 
sintered cermets. 

2.4.1 % Volume shrinkage (%AV) 

% Volume shrinkage of the sintered cermets was measured from 

the volume of the green compact (Vg) and the volume of the 

sintered cermets (Vs) according to the formula. 

/V - V , 


% AV 



x 100 % 


v g ' 

Volume of the green compacts was measured from physical 
dimensions . 

Volume of the sintered cermets was measured by volume 
displacement method (Archimedes' Principle) with the help of 
Mercury Densometer (Tecramics U.K. make), using the following 


formula : 
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1 Sintering Furnace 

2 Vacuum Pump 

3 Vacuum Tube 

4 Vacuum Gauge Sensor 

5 Vacuum Gauge 

6 Voltage Regulator 

7 Temperature Controller 

8 Contactor 

9 Ammeter 

10 Voltmeter 

11 mV-meter 

12 Specimen Boat 


Fig. 2.2. Schematic Diagram of the Vacuum Sintering Furnace 
Including the Electrical Circuit Diagram . 




A - B 
P Hg 


cm 


A 

B 


Hg 


Mass of the sintered cermets in air (g) 

Mass of the sintered cermets in mercury at 
the ambient temperature (g) 

Density of mercury at the ambient temperature 


(Mg/m ) 

Sintered Density (P s ) 

intered density of the cermets was measured by the same 
as described in section 2.4.1 according to the following 


Mg/m 3 


■ sion : 

A p 

's - (A-B 

% Total Sintered Porosity (% e TS ) 

Total sintered porosity of the cermets was evaluated from 
Intered density and theoretical sintered density according 
i formula : 


'TS 


x 100 % 


p th J 

'heoretical sintered densities 


of 


Mo 2 FeB 2 


aFe , 


r Ni n •y ( FeNi ) and Mo^NiB -Ni cermets were calculated 

.he rule of mixture . 

Densif ication Parameter (AD) 

'he densif ication parameter was calculated using the formula 


Pc 


iD 


" P, 


th n g 
rec 

Green density 


P s = Sintered density 


9 


p ^ = Theoretical density 

1ECHANICAL PROPERTIES 

?he following mechanical properties of the sintered cermets 
evaluated as described below: 

Vickers Hardness (HV) 

/icker s hardness of the sintered diamond polished specimens 



were measured on the HPO 250 Vickers Hardness Testing Machine 
(Fritz Heckert Leipzig make) with a square base diamond pyramid 
indentor (included angle ip = 136 c ) by using 15 kgf or 30 kgf load 
as per requirements. Vickers hardness was calculated according 

to the following equation: 


HV = 1 ' 8 ^ 44 - P kgf /mm 2 
av 

where, P = Indenting load (kgf) 

d = Average value of measurements 
av ^ 


of two diagonals of 


the pyramidal indentation (mm) 

2.5.2 Transverse Rupture Strength (TRS) 

The Transverse Rupture Strength of sintered specimens after 
final polishing with 2.5 pm size diamond paste was evaluated an 
the three point bending test using a fixture containing 3 mm <j> WC 
rollers having 15 mm length with 15 mm span. Load was applied in 
the 10T capacity MTS testing machine with a crosshead speed 0.05 
mm/min. The maximum load at fracture was used for the 


calculation of TRS according to the formula: 

TRS = 1 ' ■ 5 ^ -— MPa 
Wt 

where, L = Fracture load (MN) 

1 = Span length (0.015 m) 

W = Width of the test specimen (m) 
t = Thickness of the test specimen (m) 

For each set of specimen three tests were performed and the 

average value was reported. 

2.5.3 Indentation Fracture Toughness (Kc) 

Indentation Fracture Toughness of the sintered cermets 
prepared by MoB route and sintered at 13 50 C, was measured based 
on Palmqvist Crack geometry [19] and using the following 



expression : 


( HL'1 1/2 

Kc = 0.899709 Uj= MPa Vm 
' 1 c- 

where, H = Hardness of the test specimen (MPa) 

L = Indenting load (MN) 

SI = Total Crack Length (m) 

Vickers indentations were made on the diamond polished P 
using a load range between 15 kgf - 30 kgf • Reproducib' ' Y 

the results required to minimize the subsurface damag P 
during specimen preparation. This was achieved by dou ' g 
polishing time with 2.5 pm and 0.25 pm fine grade diamon P 
respectively. For each set of data point average 


indentations were taken into account. 


2.6 MICROSTRUCTURAL STUDIES 

, . . v, t-Vip helu of optical 

Microstructural studies carried out with 

._n r^rrraohv are described 
metallography and scanning electron metaliog y x 


below : 


2.6.1 Optical Metallography 

_ c-l nt-ered specimens were 

Optical microstructures of the as sm 

. -j followed by belt 
prepared by grinding on a carborundum wnee , 


. Prior to fine 


grinding on a 120 grit size SiC endless belt. 

diamond polishing, coarse diamond polishing was perfor 

„ t-p cast iron wheel. 
iirr\ r-» *! 17 a y-'v /-\ 1 nil i nmnnH TO P? at -p on a wniuc v- - 


pm size prepolishing diamond paste on a wni 

, j Hv oolishinq with 5 

Tho f -inp -I amrrnri nnl l alvinn was carried OUU j r 


The fine diamond polishing was carried ouu y r 

pm, 2.5 pm and 0.25 pm size diamond pastes respectively. Hiffm 
fluid was used as a lubricant. The polished specimens 
chemically etched with the PPP* reagent [l] [!°9 K 4 ^ 6 


K Fe(CN) , 300g KOH and 100 ml H 2 0] 


for 4 to 5 minutes and 


observed at 1000 X magnification. 



2.6.2 Scanning Electron Metallography 

Mo 2 Fe (Ni ) B 2 -Fe {Ni ) cermets sintered at 1350°C were used for 
fractography study. This was carried out in case of TRS 
fractured specimens in JEOL- JSM- 84 OA SEM at 10-15 kV operating 
voltage by using probe current ranged from 1x10 A to 5x10 A 
with WD ranged from 15 mm to 23 mm in the secondary electron 
imaging mode . 

2.6.3 Boride Grain Mean Linear Intercept (I ) and Binder Mean 
Free Path (J^) 

Boride grain mean linear intercept and binder mean free path 
were measuredinMo„Fe (Ni) B_ -Fe (Ni ) cermets. J and l n were 

2 2 OC p 

calculated in accordance with the following formulae as described 
by Gurland [20] . 



where, V Va = Volume fraction of the hard phase 

V R = Volume fraction of the binder phase 

V p 

N ... = Contacts per unit test line length L,.> ( jitm ) 

L ao: 1 (1) 

m = Number of test lines 

M = Magnification 

The average value of measurements in approximately 19-22 
test lines containing boride and binder intercepting grains was 
reported for each data point . 

2.6.4 Boride Phase Contiguity 

Mo^Fe (Ni ) B 2 boride phase contiguity (C aa ) of the 
investigated cermets was measured by counting the number of 

36 


boride 


boride grain contacts and boride-binder grain contacts 


according to the formula as described by Gurland [20] . 
m 


aa 


1 

m 


1 = 1 L 


2N (i) 
aa 


2 N (i) + N n (i 
aa a/3 


u r 


where, N^d) = Number of Mo 2 Fe (Ni ) B 2 -Mo 2 Fe (Ni ) B 2 boride-boride 

grain contacts containing the i-th test line 
N^d) = Number of Mo 2 Fe (Ni ) B 2 -Fe (Ni ) boride -binder grain 
contacts containing the i-th test line 
m = Number of test lines 

The average value of measurements carried out over 19-22 
test lines on each optical micrograph was reported for each data 
point . 

2.7 X-RAY DIFFRACTION ANALYSIS 


X-ray diffraction study of sintered cermets after diamond 
polishing was carried out with the help of Rich Seifert make 
(Germany) X-ray Diffractometer using Cr Ka , and Cu^radiatons 
respectively. The polishing details are described in subsection 
2.6.1. Phase identification was carried out from the X-ray 
diffraction analysis. The various parameters used in the 
experiment are given below : 


Target 

(Radia- 

tion) 

Amperage 

mA 

Voltaqe 

kV 

Counts 

per 

Minutes 

Time 

Constant 

sec 

Scanning 

Rate 

(°/min in 
20) 

Chart 

speed 

mm/min 

Cr (Ka) 

32 

42 

5 

10 

3 

1.2 

30 

12 

Cu (Ka) 

22 

32 

10 

10 

3 

1 . 2 

30 

12 


Interplanar spacings (d^ ^ j ) of various hard and binder phases 

ill 

in Mo,,Fe(Ni)B 2 - Fe(Ni) cermets were calculated from the X-ray 
















diffraction pattern using Bragg's law of diffraction. 


d 


h . k , 1 . 2 sm 0, , . 

ill h . k . 1 , 

ill 


(A ) 


where, A = Wave Length of X-ray radiation used (A 


CrK 


2.2909 A, 


a 


A CuR = 1.541838 A ) 


a 

0, , 7 = Bragg angle of the {h.k.l.} diffracting planes (°) 

i l l 111 

Indexing of the X-ray diffraction patterns were carried out 
by direct matching method with the help of Powder Data File. 
Lattice parameters of various identified hard and binder phases 
in Mo 2 Fe(Ni)B 2 - Fe(Ni) cermets were calculated from the derived 
formulae based on least square approximation. 


2.8 SATURATION MAGNETIC FLUX DENSITY 


Saturation magnetic flux density was measured for 
Mo 2 Fe (Ni ) B 2 -Fe (Ni ) cermets prepared through the MoB route and 
sintered at 1350°C, so as to get an idea about the nature and 
distribution of the hard and binder phases. A Dr. Foerster make 
unit was used for the above measurements. 


2.9 THERMAL SHOCK RESISTANCE 

One portion of the TRS fractured specimen was ground and 
diamond polished as described in the section 2.6.1. Thermal 
shock resistance was measured on all the sintered cermets 
prepared by MoB route at 1350°C. The specimens were heated to 
800°C in argon at an interval of 100°C, held for 10 minutes and 
finally oil quenched at room temperature. The as quenched 
specimens were observed under lOOx magnif ication in optical 
microscope. The emergence of crack formation gave a qualitative 
index of the thermal shock resistance. The specimen heating was 
carried out in a vertical cylindrical type twin halve nichrome 



resistance furnace. The schematic detail including electrical 

circuit diagram is shown in the Fig. 2.3. After reaching the 

elevated temperature the shutter was opened and the specimens 

were oil quenched at the ambient temperature so as to impart a 

thermal shock. 

2.10 CORROSION WEIGHT LOSS STUDY 

Corrosion weight loss study was carried out in case of 
Mo 2 Fe (Ni ) -Fe (Ni ) cermets prepared through the MoB route after 
1350°C sintering. Aproximately 12x6x4 mm 3 size specimens were 
prepared by machining with the help of low speed saw containing 
0.3 mm thick diamond blade (Buehler Ltd., USA make) followed by 
diamond polishing with 7 jim size diamond paste respectively. The 
diamond polished specimens were dipped in 250 ml 10 wt% HCl (Sp . 
gr. 1.18, 35%) and 10 wt% HF (Sp. gr . 1.13, 40%) solutions 

respectively for 10 hours at the ambient temperature. The 
corrosion rate (C) was measured from the corrosion mass loss 
according to the formula as described in ASTM G31. 

C = 3.449 x 10 5 mpy 

where, Am = Corrosion mass loss (mg) 

3 

p = Density of the sintered specimen (Mg/m ) 

A = Surface area of the specimen exposed to the 

2 

corrosive media (mm ) 

T = Exposure time (hours) 


mpy = Mils per year 




5 

6 
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Quenching Oil Bath 
Hg -Thermometer 
On-off Type Temperature 
Controller 
Dimmerstat 


9 Contactor 

10 mV- Panelmeter 

11 S-Type Thermocouple 

12 Main Power Supply 

13 Switch Board 


Fig. 2.3. Schematic Diagram of the Thermal Shock Measuring 
Furnace including Oil-Bath and Electrical Circuit 
Diagram . 





CHAPTER III 

EXPERIMENTAL RESULTS 

PART I : SINTERING OF Mo 2 FeB 2 -aFe CERMETS THROUGH ELEMENTAL AND 
MoB ROUTES 

3.1 CHARACTERIZATION OF MILLED POWDERS 

Fig. 3.1 - 3.3 reveal the particle size distribution of as 
received and various ball milled powder premixes prepared from 
the elemental and MoB routes. Tables 3.1 and 3.2 give the data 
of the average particle size of as received and milled powders 
corresponding to different cermet composi t ions . From the Tables 
it is evident that with increase in binder content, the average 
value in general increases. It is. noteworthy that the particle 
size of charge from the elemental milling is lower than that 
obtained from the MoB route. 

Fig. 3.4(a) - (e) show the secondary electron images of as 

received carbonyl iron, boron, molybdenum, molybdenum boride 
(MoB) and nickel powders respectively. Carbonyl iron powder 
consists of spherical particles, boron powder shows irregular 
geometrical shaped plate type particles, molybdenum powder 
reflects regular polygonal plate type particles and molybdenum 
boride (MoB) powder exhibits regular dumble shaped particles. 
Nickel powder is Pharactereized by rosette- type particles. The 
characteristics feature is that no micropores are present in the 
powder particles. In case of carbonyl iron and boron powder 
satellite formation is quite predominant. 



[wt. V.] 



Fig. 3.1. Particle size distribution of the as received 
powders. 



j. 3.2. 


Particle size distribution of the Mo-B-Fe elemental 
powder premixes'. 



[wt. •/.] 



Fig. 3.3. 


Particle size distribution of the MoB-Fe powder 
premixes. 






Fig. 3.4 Secondary electron images of various powders: 

(a) Carbonyl Fe (b) B (c) Mo (d) MoB (e) 
Carbonyl Ni 




3.2 DENSIFICATION BEHAVIOUR 


Various densi f ication properties i.e. % Volume shrinkage, 
Sintered density, % Total sintered Porosity and Densif ication 
Parameter are described in the following subsections: 

3.2.1 % Volume Shrinkage 

% Volume shrinkage of Mo 2 FeB 2 - aFe cermets in general 
increases with the increase in ccFe binder content and sintering 
temperature (Fig. 3.5). Elemental powder route exhibits a 
drastic increase in the % Volume shrinkage in the initial stage. 
After 12.43 vol . % binder addition, 1250°C sintering reflects a 
slow increase in % Volume shrinkage, whereas in case of 1300°C 
and 1350°C sintering % Volume shrinkage does not change quite 
significantly and are almost in proximity. The straight Mo 2 FeB 2 
boride phase after 1250°C and 1300°C sintering exhibits swelling 
followed by a drastic increase in % Volume shrinkage after 1350°C 
sintering. In case of MoB route the straight Mo 2 FeB 2 boride 
phase does not show any swelling. The increase in a Fe binder 
content shows an identical pattern in % Volume shrinkage 
variation with the exception in case of 12.43 vol. % cc Fe binder 
at 1300°C, where it shows a maximum. At sintering temperature of 
1250°C the % Volume shrinkage variation follows almost a linear 
relationship with the binder content. The 1350°C sintering does 
not reflect much change in % Volume shrinkage variation in case 
of 12.43 vol . % binder addition. 
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Fig. 3.5. % Volume shrinkage variation of Mo 2 FeB 2 "<xFe cermets prepared through 
the elemental and MoB routes and sintered at different temperatures. 





Table 3.1 : Average particle size of as received powders 


Powder 

Average Particle Size 
(pm) 

Mo 

2 . 11 

Carbonyl Fe 

2 . 17 

Ni 

1 . 59 

B 

3 . 72 

MoB 

2 . 16 


Table 3.2 : Average particle size of ball milled powders 
corresponding to different Mo 2 FeB 2 ~ a Fe Cermets 

prepared through elemental and MoB routes 


Binder Content 

( vol . % ) 

Average Particle 

Size, pm 

Elemental Route 

MoB Route 

0 

1.79 

2.21 

12.43 

1.95 

2.25 

25 . 62 

1.53 

2.47 

38.57 

2.03 

2.27 


3.2.2 Sintered Density 


Sintered density of the cermets increases with the increase 
in the binder content (Fig. 3.6). In the initial stage the 
increase is rapid but after 12.43 volume% binder addition the 
variation is insignificant. In case of cermets prepared through 
MoB route the nature of plots is similar, but in magnitude the 
sintered density values are higher than those for cermets 
prepared from the elementel route. Cermets prepared from either 
route follow almost an identical pattern in density variation at 
any sintering temperature. In case of straight Mo 2 FeB 2 , on 
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Fig. 3.6. Sintered density variation of Mo 2 FeB 2 _ oCFe cermets prepared through 
elemental and MoB routes and sintered at different temperatures. 


increasing the sintering temperature from 1250°C to 1300°C 
sintered density remains almost constant and then increases 
rapidly with the further increase in sintering temperature. But 
in case of cermets containing higher volume^ binder the sintered 
density increases rapidly from 1250°C to 1300°C sintering. The 
value remains almost constant with the further increase in 
sintering temperature. The processing route adopted for cermets 
does not reflect much change on density in case of higher volume% 
binder . 

3.2.3 % Total Sintered Porosity 

Cermets prepared from both the routes follow an identical 
trend in the variation of % total sintered porosity with the 
binder content (Fig. 3.7). Cermets prepared from the MoB route 
possessed lower % total sintered porosity as compared to those 
from the elemental route. Initially for either route the 
property reduces rapidly for 12 vol . % binder cermets. However, 
the variation in the % total sintered porosity is not quite 
significant with the further increase in the binder content, 
particularly during sintering at 1300°C and 1350°C. The value 
reduces drastically with the increase in sintering temperatuare 
from 1250°C to 1300°C. . In case of straight Mo 2 FeB 2 , the % total 
sintered porosity remains almost constant upto 1300°C, but in 
case of 1350°C sintering it reduces rapidly. 

3.2.4 Densif ication Parameter 

Cermets prepared by either route exhibit a drastic increase 
in the densif ication parameter for ~ 12 vol . % binder (Fig. 3.8) . 
In case of cermets prepared from the Elemental route with greater 





Fig. 3.8. Densification parameter variation of Mo 2 FeB 2 - otFe cermets prepared 

through elemental and MoB routes and sintered at different temperatures. 


than this binder addition, the variation in the densif icat ion 
parameter is not quite significant at 1300°C and 1350°C, but at 
1250°C sintering with ~ 25 vol . % binder the densif ication 
parameter increases slowly. In case of 1250°C sintering, cermets 
prepared from the MoB route follow a rapid increase in the 
densif ication parameter with the increase in the binder content. 
However, in case of 1300°C and 1350°C sintering, it decreases for 
greater than 12.43 vol . % binder addition. 

It is interesting to note that with the increase in 
temperature , its effect on densif ication behaviour is similar 
for cermets, but in case of straight boride Mo 2 FeB 2 , the 
densif ication parameters in case of 1250°C and 1300°C sintering 
are in proximity . 

3.3 MECHANICAL PROPERTIES 

Various mechanical properties i.e. Vickers Hardness, 
Transverse Rupture Strength (TRS) and Indentation Fracture 
Toughness (Kc) are described in the following subsections. 

3.3.1 Vickers Hardness 

Cermets prepared from the elemental route exhibit an 
increase in Vickers hardness with the increase in binder content 
(Fig. 3.9). The variation is not much significant for 1250°C 
sintering but at higher temperatures Vickers hardness increases 
rapidly with the increase in binder content . In case of cermets 
prepared from the MoB route at 1250°C, the property deoes not 
vary uniformly with the increase in binder content. At higher 
sintering temperatures, there is a maximum in the plots at ~ 12 
vol . % binder. 
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Fig. 3.9. Vickers hardness variation of Mo 2 FeB 2 “ocFe cermets prepared through 
the elemental and MoB routes and sintered at different temperatures . 





In case of Mo 2 FeB 2 , the Elemental route exhibits higher 
hardness, particularly when it was sintered at 1350°C, but in 
case of MoB route, the effect of sintering temperature is absent. 

3.3.2 Transverse Rupture Strength (TRS) 

The transverse rupture strength increases with the increase 
in binder content with the exception in case of cermets prepared 
from the elemental route after sintering at 1350°C (Fig. 3.10), 
where there is a drop in TRS at ~12 vol . % binder. In case of 
straight Mo 2 FeB 2 boride prepared from the elemental route, the 
change in TRS up to 1300°C sintering is insignificant, after 
which it increases rapidly. 

A noteworthy feature is that the cermets containing 25.62 
vol . % binder prepared from either route exhibit maximum 
transverse rupture strength. 

3.3.3 Indentation Fracture Toughness (Kc) 

.Fig. 3.11 shows the variation in indentation fracture 
toughness of cermets prepared by the MoB route after sintering at 
1350°C. It is evident that values increase with the increase in 
the binder content. The increase in toughness for 25.62 vol.% 
binder content is about 116% higher to that of straight Mo 2 FeB 2 
boride . 

3.4 OPTICAL MICROSTRUCTURE AND SEM FRACTOGRAPHY 

Fig. 3.12(a) and (b) show the optical microstructures of the 
straight Mo„FeB„ prepared through the elemental and MoB routes 
after 1350°C sintering. It is evident that the straight Mo 2 FeB 2 
boride prepared through the elemental route is highly porous, 
porosity is approximately 25.63%. The microstructures mainly 
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Fig. 3.10. Transverse rupture strength variation of Mo 2 FeB 2 "oCFe cermets prepared 
through elemental and MoB routes and sintered at different temperatures. 



INDENTATION FRACTURE TOUGHNESS 



Fig. 3.11. Indentation Fracture Toughness Variation of 
Mo 2 FeB 2 -oCFe Cermets Prepared Through the 
MoB Route at 1350 °C Sintering Temperature. 











Fig.' 3.12 Optical microstructures of Mo F«B,-aFe and 
its based cermets prepared through elemental 
and MoB routes (sintering temperature 1350°C) : 


(a) 

Mo 2 FeB 2 (Elemental route) 


(b) 

Mo 2 FeB 2 (MoB route) 



(c) 

Mo 2 FeB 2 -12.43 vol . % 

aFe 

(Elemental 


route) 



(d) 

Mo 2 FeB 2 -12 . 43 vol.%aFe 

(MoB 

route ) 

(e) 

Mo 2 FeB 2 -25 . 62 vol . %aFe 

(Elemental route) 

(f) 

Mo 2 FeB 2 -25 . 62 vol . %aFe 

(MoB 

route) 


consist of fine irregular geometrical shaped boride grains with 
interconnected and almost spherical isolated pores. The MoB 
route, on the other hand, exhibits relatively less amount of 
porosity, the porosity is approximately 9.05 % and are isolated 
spherical in nature. The microstructures reflect boride grain 
coarsening with irregular geometrical shaped boride grains. 

Mo 2 FeB 2 - 12.43 vol . % a Fe cermet prepared through the 
elemental route after 1350°C sintering exhibits fine uniform 
irregular geometrical shaped boride grains with small spherical 
isolated pores (Fig. 12c) . While boride grain coarsening is 
quite predominant in case of MoB route with relatively large 
amount of spherical isolated pores (Fig. 12d) . 

Cermet containing 25.62 vol . % a-iron binder prepared through 
the elemental route after 1350°C sintering shows fine uniform 
boride grains with almost zero porosity ' (Fig . I2e) . The boride 
grains are surrounded by the a-iron binder. The MoB processing 
route is characterized by excessive boride grain coarsening with 
large spherical isolated pores. The large boride grains are also 
uniformly distributed in the a-iron binder (Fig. 12f) . 

Fig. 3.13 (a) and (b) show the secondary electron image of 
the TRS fractured straight Mo 2 FeB 2 boride prepared through 
elemental and MoB routes after 1350°C. It is evident from the 
fractograph that elemental route exhibits highly interconnected 
pores with few isolated pores and the failure is characterized by 
the intergranular dimple brittle fracture mode with quasicleavage 
facets. The MoB route shows uniformly distributed isolated pores 
with few interconnected pores. The intergra nular brittle 
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Fig. 3.13 SEM Fractographs of Mo 2 FeB 2 and its based 
cermets sintered at 1350°C: 

(a) Mo 2 FeB 2 (Elemental route) 

(b) Mo 2 FeB 2 (MoB route) 

(c) Mo 2 FeB 2 -12 . 43 vol . % aFe (Elemental 

route) 

(d) Mo 2 FeB 2 ~12 . 43 vol.%aFe (MoB route) 

(e) Mo 0 FeB - 25.62 vol . % «Fe (Elemental 

route) 

(f) Mo 2 FeB 2 - 


25.62 vol . % aFe (MoB route) 


fracture of boride grains reveals the dimple brittle fracture. 

Fig. 3.13 (c) and (d) show the SEM fractographs of Mo 2 FeB 2 - 
12.43 vol.% a Fe cermets prepared through the elemental and MoB 
routes after 1350°C. The elemental route exhibits dimple 
fracture with large quasicleavage facets, cracks are also 
predominant at the fractured boride grain boundary regions. The 
fractured surface exhibits large amount of isolated pores. MoB 
route exhibits almost equiaxed nonuniform size dimple fracture 
with quasicleavage facets. Very little spherical isolated pores 
are present on the fractured surface. 

Fig. 3.13 (e) and (f) show the SEM fractographs of 
Mo 2 FeB 2 -25 . 62 vol.% a Fe cermets prepared through the elemental 
and MoB routes after 1350°C sintering. The elemental route is 
characterized by the equiaxed nonuniform size fine dimple inter 
granular brittle failure with quasicleavage facets . The fractured 
surface contains spherical isolated pores, whereas, the MoB route 
exhibits large quasicleavage facets. 

3.5 X-RAY DIFFRACTION ANALYSIS 

X-ray diffraction studies confirmed the presence of only two 
phases Mo 2 FeB 2 and a Fe. Fig. 3.14 shows lattice parameter 
variation of both hard and binder phases. Mo 2 FeB 2 exhibits 
tetragonal lattice configuration. It is evident that the 
variation in lattice parameters of the hard phase are 
insignificant in either processing route and are within the error 
limit. Lattice parameter of the binder phase i.e. a Fe also 
reflects identical pattern. Some of the x-ray results are given 
in Appendix. 
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3.6 SATURATION MAGNETIC FLUX DENSITY 

The variation in the saturation magnetic flux density with 
the binder content is shown in Fig. 3.15. The noteworthy feature 
is that saturation magnetic flux density increases almost 
linearly with the increase in binder content in case of cermets 
prepared from the elemental route. The MoB processing route 
exhibits almost an identical relation. The value for 12.43 vol . % 
binder cermet prepared through the elemental route is somewhat 
higher than that prepared through the MoB route. 

3.7 THERMAL SHOCK RESISTANCE 

Table 3.3 shows the thermal shock resistance variation of 
cermets, from which it is evident that there is no effect of 
binder content on this property. 

Table 3.3 : Thermal shock resistance (AT) variation of 

Mo FeB -a Fe cermets prepared through the MoB route 


Binder 

Content 

AT 

(vol . % 

a Fe) 

( 

°C) 

0 

< 

370 

12 

.43 

< 

370 

25 

.62 

< 

370 


3.8 CORROSION WEIGHT LOSS STUDY 

Corrosion weight loss study was carried out in case of 
Mo 2 FeB 2 -o: Fe sintered cermets prepared through the MoB route at 
1350°C . Fig. 3.16 shows the corrosion rate of Mo^FeB^ and its 
based cermets in 10 wt . % HC1 and 10 wt . % HF solutions for 10 
hours respectively. It is evident from the figure that the 
straight Mo„FeB 0 boride exhibits maximum corrosion rate in both 
corrosive media. Cermet containing 12.43 vol.% a Fe binder shows 
least corrosion rate among all the investigated cermets. The 








CORROSION RATE [mpy] 



Fig. 3.16. Corrosion Rate of Mo 2 FeB 2 -oCFe Cermets in 10 wt. °/o HCl and 
10 wt. % HF Solutions for 10 Hours Respectively . 




corrosion rate increases rapidly with the further increase in 
binder content to 25.62 vol.% a Fe . 

PART II : SINTERING OF Mo 2 Fe(Ni - Fe(Ni) CERMETS THROUGH THE 
MoB ROUTE 

3.9 CHARACTERIZATION OF MILLED POWDER 

Fig. 3.17 and 3.18 show the particle size distribution of 
various ball milled powder premixes prepared through the MoB 
route. Table 3.4 gives the data of the average particle size of 
milled powders corresponding to different Mo 2 Fe (Ni) B 2 ~Fe (Ni) 
cermet compositions. It is evident that with the increase in iron 
and nickel binders the average particle size increases . Fe-Ni-MoB 
powder - premixes do not follow a systematic average particle size 
variation with the increase in the binder content. 

3.10 DENSIFICATION BEHAVIOUR 

Various densif ication properties i.e. % volume shrinkage, 
sintered density, % total sintered porosity and densif ication 
parameter are described below. 


Table 3.4 : Average particle size of the various powder premixes 
used for the P/M processing of the Mo 2 Fe (Ni) B 2 ~Fe (Ni) 
cermets through the MoB route. 


Mo 2 FeB ? -<aFe Cermets 

Mo 2 (Fe Q 5 Ni Q 5 )B 2 ~r(FeNi) 
Cermets 

Mo 2 NiB 2 -Ni Cermets 

Binder 

Average 

Binder 

Average 

Binder 

Average 

Content 

Particle 

Content 

Particle 

Content 

Particle 

a Fe 

Size 

T (FeNi) 

Size 

Ni 

Size 

(vol . %) 

(pm) 

(vol . %) 

(pm) 

(vol . %) 

(pm) 

0 

2.21 

0 

2.76 

0 

2.53 

12.43 

2.25 

11.51 

1 . 98 

10 . 88 

2.57 

25.62 

2.47 

24.41 

2.03 

23 . 74 

3 . 07 

- 

- 

37.22 

1.93 


*" 
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Fig. 3.18. Particle size distribution of the MoB-Ni powder 
premixes. 




ig. 3.18. Particle size 
premixes. 


distribution of the MoB-Ni powder 


3.10.1 h Volume Shrinkage 

Die 7 {..‘l U lion ship between the % volume shrinkage and the 
binder content of Mo 2 Fe (Ni ) B 2 -Fe (Ni ) cermets is shown in Fig 
3.19. 

Volume shrinkage of Mo^Fe (Ni) B^-Fe (Ni ) cermets in general 
increases with the increase in Fe(Ni) binder content with the 
exception in Mo^lFe^ t-Ni Q 5 )B 2 ~ 11.51y(FeNi) (vol%) cermet, 

where it exhibits slight decrease with respect to the straight 
Mo 2 (FeQ j- Ni fl 5)82 boride. Mo^Fe (Ni ) B 2 -Fe (Ni) cermets do not show 
any swelling after sintering at 1350°C. Mo 2 NiB 2 straight boride 
gives rise to a maximum % volume shrinkage and it is almost in 
proximity with the straight Mo_ ( Fe A c Ni. C )B„ boride. Mo 0 FeB_ - 
a Fe cermets exhibit a rapid increase in % volume shrinkage in 
the initial stage. At higher than 12.43 vol% cc-iron binder 
addition, it further increases slightly. The effect of binder in 
the remaining two groups of cermets do not reflect significant 
change .in % volume shrinkage variation. 


3.10.2 Sintered Density 

Sintered density of Mo 2 Fe{Ni)B 2 -Fe (Ni) cermets, in general, 
.increases with the increase in Fe(Ni) binder content (Fig. 3.20) . 

In case of Mo ? FeB 2 - a Fe cermets, in the initial stage the 
sintered density increases quite significantly up to 12.43 vol% 
a- iron binder. Subsequently the value reduces slightly with 


further increase in the binder content. 

Mo, NiB -Ni cermets exhibit a slight increase in sintered 
2 2 

density in the initial stage. After 10.88 vol% nickel binder 
addition it does not vary quite significantly. 
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VOLUME SHRINKAGE 



Fiq 319 % Volume shrinkage variation of 82 

Fe(Ni) cermets prepared through the MoB 
route and sintered at 1350 t . 



SINTERED DENSITY (Mg/m 3 ) 



Fig. 3.20 Sintered density variation of Mi^Fe(N0B2 Fe(Ni) 
cermets prepared through the MoB route and 

sintered at 1350°C. 



Mo 2 ( e 0 . S N i 0 . " y(FeNi) cermets follow almost an 
i dent i t-cil {"it. 1 a) n in sintered density variation with the increase 
jn 7 ( 1 d'3 i ) binder content to that of Mo 2 NiB 2 -Ni cermets. 
Initially the sintered density increases quite significantly. 
The variation in sintered density is insignificant after 24.40 
vo]% y(FeNi) binder addition. 

The noteworthy feature is that the straight 


Mo 2 {I ’ e 0. 5 Wi 0 . 5* B 2 

boride 

exhibit 

higher 

sintered 

density as 

compared to the 

straight 

Mo 2 FeB 2 

boride, 

whereas 

Mo 2 NiB 2 -Ni 


cermets give rise to maximum sintered density as compared to all 


other cermets . 

3.10.3 % Total Sintered Porosity (% e TS ) 

Mo, Fe (N:i ) -Fe (Ni ) cermets exhibit a decrease in the % total 
sintered porosity with the increase in the Fe(Ni) binder content 
(Fig. 3.21). 

In case of Mo 2 FeB 2 -a Fe cermets, in the initial stage % e TS 
decreases rapidly up to 12.43 vol.% a-iron binder addition. In 
the later stage % c Tg increases with the increase in a-iron 
binder content. 

Mo 2 NiB 2 -Ni cermets show a rapid decrease in %e Tg upto 10.88 
vol . % nickel binder addition. Subsequently it decreases slightly 

with the increase in the binder content. 

The variation in % c TS with the binder content in case of 
Mo_ (Fe~ r Ni c ) B -r (FeNi) cermets follows almost an indentical 
pattern to that of Mo 2 NiB 2 ~Ni cermets. Initially the decrease in 
%c TS is quite significant. After 24.41 vol.% 1 (FeNi) binder 
addition the variation is not appreciable. 

wtral Lmm \ 

I I. T.. 




„ jnrnr 


St 9 «» 
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%> Total Sintered Porosity 


10.0 



Fig. 3.21. % Total sintered porosity VGr '°*' on 

Mo 2 Fe(Ni)B 2 -Fe(Ni) cermets prepared 
through the MoB route and sintered 
at 1350 °C . 


I he deci ease in % c^g is noticed maximum in case of a- iron 
bindci . Jho porosity variation of cermets containing y(FeNi) 
hindei if; more or less similar to that of nickel bonded cermets, 
particularly in low volume fraction binder. 

3.10.4 Densif ication Parameter 

The effect of Fe(Ni) binder addition on the densif ication 
parameter of Mo^Fe (Ni) B 2 ~Fe (Ni) cermets follows an increasing 


trend as shown in the Fig. 3.22. 

Mo^FeB^-a Fe Cermets exhibit a rapid increase in 
densif ication parameter in the initial stage. After 12.43 vol . % 
a- iron binder addition it reduces slightly with the further 
increase in binder content. 


Mo^(Fe n r N i „ .. ) B _ -y (FeNi ) cermets also exhibit a parallel 

2 U . b U . b 2 . 

relationship in densif ication behaviour as compared to the 

Mo 0 NiB,.-Ni cermets. Initially densif ication parameter increases 

quite significantly. After 24.41 vol.% y (FeNi) binder addition, 

the variation in densif ication parameter is insignificant. 

The straight Mo 2 (Fe Q 5 Ni Q 5 )B 2 and Mo 2 NiB 2 ternary borides 

exhibit higher densif ication parameter as compared to the 

straight Mo ? FeB 2 boride, the former values are in proximity. 

Mo-(Fe„ ..Ni„ r )B„-y(FeNi) cermets containing 3 7.22 vol.% y (FeNi) 
2 0 . b U . b 2 

binder exhibit maximum densif ication parameter of 0.92. 

3.11 MECHANICA1 PROPERTIES 

Various mechanical properties of Mo 2 Fe (Ni ) B 2 -Fe (Ni) cermets 
i.e. Vickers hardness, transverse rupture strength and 
indentation fracture toughness are described below. 
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r . i ,, ossification parameter variation of M 02 Fe(Ni)B 2 - 
F ' 9 S cermets prepared through the MoB route 

and sintered at 13 50°C . 



3.11.1 


Vickers Hardness 


Ihe relationship between Vickers hardness with the binder 
content in Mo^-'e (Ni) B 2 ~Fe (Ni) cermets is shown in the Fig. 3.23. 

Mo^heBj -a he cermets exhibit an increase in Vickers hardness 
v/ i t.li the increase in binder content. In the initial stage 
Vickers hardness increases drastically up to 12.43 vol . % binder 
and in the later stage the decrease is quite significant with the 
increase in binder content. 

In case of Mo^NiB^-Ni cermets Vickers hardness variation 
shows a reverse relationship. Vickers hardness decreases almost 
linearly with the increase in the binder content . 


Mo,., (Fe„ r Ni„ r ) B_ -y (FeNi) cermets like Mo„FeB„-a Fe cermets 
2 0 . b 0 . b 2 2 2 

shows an increase in hardness up to i 11.51 vol . % y (FeNi) binder 


addition. Subsequently, Vickers hardness decreases quite 


significantly with the increase in the binder content . 

The characteristic feature among the investigated cermets is 

that the Mo^FeB^ -a Fe cermet containing 12.43 vol.% a-iron binder 

2 

exhibits a maximum hardness as high as 1195 kgf/mm . 


3,11.2 Transverse Rupture Strength (TRS) 

Mo^Fe (Ni ) B^-Fe (Ni) cermets exhibit a significant increase in 
TRS with the increase in Fe(Ni) binder content (Fig. 3.24). 

In case of Mo~FeB~-a Fe cermets TRS increases up to 12 .43 
vol.% a-iron binder addition. Later on it increases still 
rapidly with the increase in a-iron binder content. 

The noteworthy feature is that the Mo 2 NiB 2 ~Ni cermets 
exhibit maximum TRS as compared to other investigated cermets. 
The straight Mo 2 NiB 2 boride gives rise to a maximum TRS as 


53 



ViCKERS HARDNESS (Kgf/mm 2 ) 



in 3 23 Vickers hardness variation of MojFetNi)^- Fe(Ni) 
19 cermets prepared through the MoB route and 

sintered at 1350°C. 


TRANSVERSE RUPTURE STRENGTH (MPa) 



„ nmture strength variation of MOjFefNi)^ 

"»■ s “ :r ^v- a ““ ,h “ “ B r °”“ 

and sintered at 1350 °C. 



compared to the straight Mo^FeB^ ana ;re A ^, x 


'0 . 5 0 . 5 llJ 2 

Me 

cont aining 23 . 74 vol% nickel binder exhibits a maximum TRS of 


vdiere the values are almost in proximity. Mo 2 NiB 2 -Ni cermet 


1380 MPa. 

3.11.3 Indentation Fracture Toughness (Kc) 

Mo,,F <■: (Ni ) P <2 - 1- e (Ni ) cermets exhibit an increase in 
indentation fracture toughness with the increase in Fe(Ni) binder 
content (Fig 3.25). 


In case of Mo 2 FeB 2 ~a Fe cermets indentation fracture 
toughness increases uniformly with the increase in binder 

content . 


Mo,,N.iB» "Ni cermets like Mo„FeB„-a Fe cermets show an uniform 

increase in indentation fracture toughness with the increase in 

the binder content. The straight Mo 2 NiB 2 boride phase exhibits 

35% increase in indentation fracture toughness as compared to the 

straight Mo 2 FeB 2 boride. The sequence of indentation fracture 

toughness variation also follows the pattern similar to TRS. 

However, for a binder content greater than 24.41 vol% in case of 

y(FeNi) binder the toughness drops drastically. 

3.12 OPTICAL MICROSTRUCTURES AND SEM FRACTOGRAPHY 

Fig. 3.26 (a)', (b) and (c) show the optical microstructures 

o 1 Mo,. ( Fe A ,Ni n r )B,-y(FeNi) cermets containing 11.51, 24.41 and 

2 0.5 0.5 2 

37.22 vol.% r (FeNi) binders respectively. The microstructures 
consist of a mixture of cubic, spherical, angular and complex 
geometrical shaped boride grains. The grey and white y (FeNi) 
binders are homogeneously distributed between the boride grains. 
The microstructures also reveal spherical isolated pores. The 



INDENTATION FRACTURE TOUGHNESS (MPo-m 



MoB route and sintered a 






ig . 3.26 Optical microstructures of Mo,, (Fe Q 5 Ni Q 5 )B 2 
based cermets prepared through the MoB route 
(Sintering temperature 1350°C) 

(a) Mo 2 (Fe Q 5 Ni Q 5 )B 2 - 11.51 vol.% *(FeNi> 

(b) Mo 2 (Fe 0 5 Ni Q 5 )B 2 - 24.41 vol.% n (FeNi) 

(c) Mo„ (Fe n r Ni n JB, - 37.22 vol.% r(FeNi) 

2 U . b U . b 


lumber and sixe of such pores decrease wicn me ii lwcaei , _ 
■< n-’eN:i ) binder content . Cermet containing 11.51 vol.% y (FeNi) 
sxhiba tn oxeensive boride grain coarsening Fig. 3.20(a), while 
24. 4! vol . % y (FeNi) bonded cermet shows boride grain refinement 
(Fig. * • 2 f • b) . With the increase in y(Fe,Ni) binder to 37.22 
vol . I , t )i'' inicrostructures also reveal boride grain coarsening. 

Fig. 3.27 (a) shows the secondary electron image of the TRS 
fractured surface of the straight Mo„ (Fe 0 r Ni n r )B 0 boride. The 
fractograph exhibits intergranular brittle fracture with 
quasicleavage elongated and plate type facets. Large cracks are 
quite predominant at the grain boundary regions. Large dimples 
and elongated facets are also predominant near the void region. 

Cermet. containing 11.51 vol.% y (FeNi) binder exhibits 


unequiaxed dimple intergranular brittle fracture with 
quairi e) eavaqe facets . The fractograph contains large cracks along 
the grain boundary region Fig. 3.27 (b) . With the increase in 

y(FeNi) binder content to 24.41 and 37.22 vol.% the fractographs 
reveal intergranular equiaxed dimple brittle fracture. The 
presence of large cracks along the grain boundary region and 
quasi cleavage facets reflect severity of brittle failure. 

Fig. 3.26(a), (b) and (c) show the optical microstructures 

of t he straight MOjNiBj boride and its nickel bonded cermets 
containing 10.88 and 23.74 vol. % nickel binders respectively. 
The microstructures consist of a mixture of cubic, rectangular 
parallelepiped and complex regular geometrical shaped boride grains 
The grey and white nickel binder is uniformly distributed between 

The boride grain size increases uniformly 


the boride grains. 
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SEM Fractographs o£ Mo 2 ,Fe 0.5 Nl o b’ b 2 
based cermets prepared through the 
(Sintering temperature 1350 

(a) Mo 2 (Fe 0 i 5 Ni 0 . 5 1B 2 ^ ^ ^ vol t r ( F eKi) 

(b) Wo 2 (Fe 0 . 5 «y 5 2 _ 2i 41 vol i r(F eNi) 

(c) M° 2 l Fe o.5 N 1 0-5 2 _ 22 vo] . % y (FeNi) 

(d) Mo 2 (Fe 0i5 Ni 05 ) B 2 
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?H Optic;*.) microstructures of Mo 2 NiB 2 and its 
based cermets prepared through the MoB route 
(Sint ering temperature 1350°C) 

(a) Mo„Ni.B 2 

(b) MO ? NiB 2 - 10.88 vol.% Ni 

( c ) Mo~NiB 0 “ 23.74 vol.% Ni 



with h h (' i nc j ease in nickel binder content. The microstructures 
also contain some spherical isolated pores. 

Fig. 3.29 (a) shows the SEM fractograph of the straight 

Mo^NiB^ boride. The fractograph reveals dimple brittle failure 
with quasi cleavage twinned plate and elongated facets. Large 
number of cracks are quite predominant near the grain boundary 
region. The fractographs also consist of river like facets near 
the void region. 

Nickel bonded cermet containing 10.88 vol.% binder also 
shows brittle fracture. The fractured surface mainly consists of 
large number of quasicleavage plate and elongated facets with 
small number of dimples. 

3.13 QUANTITATIVE METALLOGRAPHY 

3,13.1 Boride Grain Mean Linear Intercept (1^) 

The relationship between the boride grain mean linear 
intercept arid binder content of Mo 2 Fe (Ni) B^-Fe (Ni ) cermets is 
shown in the Fig 3.30. 

It. is evident from the above figure that the a Fe and 
H (FoNi ) bonded cermets do not follow a systematic variation in l a 
with the increase in binder content. Mo 2 FeB 2 -a Fe cermets 
exhibit an increase in 1^ in the initial stage. For greater than 
12.43 vol % a Fe binder addition it reduces. v (FeNi) bonded 
cermets show a rapid decrease in 1^ initially, in the later 
stage it regains the earlier grain size. Mo 2 NiB 2 ~Ni cermets give 
rise to a rapid increase in l a with the increase in nickel binder 

content . 

Cermets containing 12.43 vol.% a Fe, 11.51 vol -s 


y (FeNi) , 









Boride Grain Mean Linear Intercept 



Binder Content [vol. %>] 


Fig. 3.30. Variation of boride grain mean intercept 
vs binder content of Mo 2 Fe(Ni)B 2 - Fe(Ni) 
cermets. 



23.74 vo] 4 Ni binders respectively reflect maximum boride grain 
size values such that the sequence is in the order Hi > y (FeNi) > 


« Fe . 

3.13.2 Binder Mean Free Path (1^) 

Bind'.'i me tin f i fee path of Mo^Fe (Ni)B 2 ~Fe (Ni) cermets in 
genei al i nc.i eases with the increase in binder content [Fig. 
3 . 31 ] . 


Ihe variation of mean free path of binder phase for various 
cermets is such that it is similar in case of Ni and y ( FeNi ) 
binders, while in case of a Fe the change is rather slow in the 

initial increment, in binder level from 12.43 vol.% to 25.62 

vol . % . 

3.13.3 Boride Phase Contiguity 

Boride phase contiguity of Mo 2 Fe (Ni) B 2 -Fe (Ni ) cermets in 

general decreases with the increase in binder content (Fig. 


3 . 32 ). 

Cermets containing 25.62 vol.% a Fe and 23.74 vol.% Ni 
binders exhibit 4 0% and 56% decrease in boride phase contiguity. 
Where as, 37.22 vol.% ? (FeNi) bonded cermet shows a maximum 
decrease of 63% with respect to the straight boride. 

The characteristic feature is that the decreasing trend in 
the boride phase contiguity follows the order of Ni<T(FeNi)«x Fe. 


3.14 X-RAY DIFFRACTION ANALYSIS 

The presence of various hard and binder phases m 

Mo-Fe (Ni)B„,-Pe (Ni ) cermets have been confirmed from the X-ray 
Z z 

diffraction studies. 

cermets have Mo 2 FeB 2 hard ternary boride and 


Mo 2 FeB 2 “o: Fe 



Binder Mean Free Path 



Fig 3.31. Variation of binder mean free path 
vs binder content of Mo 2 Fe(Ni)B 2 - 
Fe(Ni) cermets. 




8oride Phase Contiguity 



Fig. 3.32. Variation of boride phase contiguity 

vs binder content of Mo 2 Fe(Ni)B 2 -Fe(Ni) 
cermets. 



a -iron binder phases. Mo 2 FeB 2 possesses tetragonal lattice 
configuration. The structure type is isotype with that of U 3 Si 2 
superstructure. a-iron binder has the BCC crystal structure. 
The structure type is isotype with that of W. The variation in 
lattice parameters of Mo 2 FeB 2 and a Fe phases is shown in the 
Fig. 3.33. It is evident that lattice parameters of the Mo 2 FeB 2 
hard phase do not change significantly with the increase in 
a-iron binder content. The lattice parameter of the a-iron 

binder remains constant in all Mo FeB -a Fe cermets. 

^ <6 

Mo 2 ( pe 0 . 5 Ni 0 . 5 ) B 2 has te tragonal crystal structure. The 
structure type is isotype with that of U 3 Si 2 superstructure. 
r(FeNi) binder exhibits FCC crystal structure. The structure 
type is isotype with that of AuCu. The variation in lattice 
parameters of Mo^Fe^ ^Nig 3 )B 2 and y(FeNi) phases with the 
binder content is shown in the Fig. 3.34. It is interesting to 
note that the lattice parameters of these phases do not vary 
significantly with the increase in binder content. 

Mo 2 NiB 2 possesses an orthorhombic lattice configuration. 
The structure type is isotype with that of W 2 CoB 2 superstructure. 
Nickel has fee crystal structure. The structure type is isotype 
with that of copper. The variation in lattice parameters of 
Mo 2 NiB 2 and nickel with the binder content is shown in the Fig. 
3.35. 

It is interesting to note that unlike other systems in' this 
case, there is detectable increase in lattice parameter of both 
hard as well as binder phases with the increase in the binder 
content. This is evident, as the error in measurement for all 
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Fig. 3.33 Lattice parameter ' variation 

- .i— °* «*• 








a (A) 






. or variation of hard and binder 
Fig. 3.34 Lattice param > B? -Tf(FeNi) cermets 

phases in MO2( Fe 0.5^'0.5 2 , cintered at 

prepared through the MoB route and sintered 

1350°C . 






b (A) 






Fig. 3.35 Lattice 

r h h e aS MoB route end sintered a. ,350’C . 





these three systems are of the same order. 


s° mc of t hc x ra y 3 t suits are given in Appendix. 

3.15 SATURATION MAGNETIC FLUX DENSITY 

(Ivi ) - H-f (Na ) cermets exhibit in general an increase in 

saturation magnetic flux density with the increase in the binder 

content (Fig . 3 . 36) . 

In case of Mo^FeB^-a Fe cermets saturation magnetic flux 
density increases rapidly from 12.43 vol.% a- iron binder addition 
to 156% with the increase in binder content to 25.62 vol.% 
a- iron . 


Mo, (K< () , N.i 0 , .) B., •- n (FeNi ) cermets show almost a linear 
relationship between the saturation magnetic flux density and the 


binder content: . 

The noteworthy feature is that the variation in this 
property with respect to binder content is more in case of 
Mo,,FeB„ - a Fe cermets as compared to cermets containing y (FeNi) 
binder . 


In case of cermets containing nickel as the binder, magnetic 
measurement could not be made. 

3.16 THERMAL SHOCK RESISTANCE 

Table 3.5 shows the thermal shock resistance variation of 


Mo,, Fe (N:i ) Fe (Ni ) cermets parepared through the MoB route. 

2 2 

It is evident that Mo 2 FeB 2 -a Fe cermets reflect no 
significant effect of binder addition on thermal shock 


resistance. 

Mo [Fe n c Ni n ,) (FeNi) and Mo NiB -Ni cermets give rise 
20 . 50.52 

to quite significant improvement on thermal shock resistance with 
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Thermal Shock Resistance (AT) of Mo 2 Fe (Ni)B 2 ~Fe (Ni) 
(•critic t. r. prepared through the MoB route 


Cor mot. 

Binder Content 
(Vol.%) 

AT 

(°C) 

Mo_FeB 2 - «Fe 

0 

< 370 

12.43 

< 370 

25.62 

< 370 

M o 2 <Fe cl . 5 N V g V *<Fem. 

0 

< 765 



11 . 51 

770 

24.41 

770 

37 . 22 

770 

Mo..,Ni)h ; , Ni 

0 

< 665 

10 . 88 

770 

23.74 

770 


3.17 CORROSION WEIGHT LOSS STUDY 


. _ rat - p of Mo^Fe (Ni) B„-Fe (Ni ) 
Fig. 3.37 shows the corrosion rate ol mo 2 2 

n , - un and 10 wt . % HF solutions respectively, 

cermets m 10 wt . % HC1 ana 

, . n aeneral , show least corrosion 
Mo Fob., a Kg cermets, m gener 

3 hV ,_ nther investigated cermets. It is 

resistance as compared to . , 

( the corrosion resistance follows a tren 

interest ing to note that . 

pi (-her corrosion media. 

Ni >r(KeNi) >> « in exLh . rate is 

u ,f nr f of binder content on corrosion rate is 

As regards the effect _ . . of 

. i it i S evident that the rate is minimum 
C ° nCernCd ' 1C „ uw vol ., »<FeNi) containing cermets. 

12.43 vol.% a Fe and 1 • 

f bon ded cermets , the corrosion rate 

However, in case of Ni , t 

.. , irrespective of the binder content. 

approx i ma t ely constant 



Corrosion Rate 



Fig. 3.37. Corrosion rate of Mo 2 Fe(Ni)B 2 -Fe(Ni) cermets in 10 wt. 

% HCl and 10 wt. % HF solutions for 10 hrs respectively 




The noteworthy feature is that Mo 2 Fe (Ni) B 2 ~Fe (Ni) cermets, 
in general, exhibit poor corrosion resistance in 10 wt.% HF acid 
solution as compared to 10 wt.% HCl acid solution, with the 
exception of Ni -bonded cermets, where the values are in the same 
range. Another unique feature is that the straight Mo 2 FeB 2 
corrodes maximum in 10 wt% HCl medium. 
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CHAPTER IV 
DISCUSSION 


The results of the present investigations have been discussed 
in two parts. In the first part the results of sintered 
properties of Mo 2 FeB 2 - aFe cermets prepared through the elemental 
and MoB routes are discussed. The second part contains the 
discussion of the results of sintered properties of 
Mo 2 Fe(Ni)B 2 ~Fe (Ni) cermets prepared through the MoB route. 

PART I : Mo 2 FeB 2 -«Fe CERMETS THROUGH THE ELEMENTAL AND MoB ROUTES 

4.1 EFFECT OF BALL MILLING ON AVERAGE PARTICLE SIZE 

As it is evident from Table 3.2, the average particle size 
of ball milled powder premixes, in general, increases with the 
increase in binder content . This is related to the fact that 
soft binder surrounding the hard phase impedes the milling 
efficiency. Literature [21,22] reveals that microhardness of 
molybdenum (2740 kgf/mm } is greater than that of MoB (2350 
kgf/m ) . This appears to be the reason why a more brittle phase 
i.e. Mo gets milled to a relatively greater extent as compared to 
the cermets prepared through the MoB route. 

4.2 Densif ication Behaviour 

During reaction sintering starting with powder mixture of 
binary boride and metal, a ternary boride is formed at the 
contacting points by solid state diffusion. A quasi-binary liquid 
phase is formed between the ternary boride particles and the 
metal phase. This liquid phase promotes densif ication by liquid 
phase sintering mechanism. 



In case of elemental premix route the steps involved consist 


Formation of from elemental Fe and B powders. Fe 2 B has 

8.82 wt . % boron and a tetragonal lattice. The solubility of 
boron in iron is neglegible (0.02 wt.%), thus promoting the 
formation of binary boride. 

Formation of Mo 2 FeB 2 from Fe^B and Mo by the solid state 
reaction : 

2Mo + 2Fe 2 B > Mo 2 FeB 2 + 3 Fe 

Formation of an eutectic liquid by the reaction between 
Fe 2 B and «rFe at 114 9°C and 3.8 wt.% B. 

Significant differences exist among data reported in the 
literature. In a review on boriding and diffusion 
metallizing Chatter jee-Fischer [23] cites the values of 
11 74°C reported by Massalski [24] . Nowacki and Klimeck [25] 
quote the reference [2 6] but report a phase diagram from 
which one can deduce eutectic temperature as 1157°C. In a 
critical assessment of previously reported Fe-B phase 
diagrams [27-29] , Chart [30] calculated a temperature 
1177°C . A value slightly lower than 1177°C is suggested by 
Yukinobu et al . [31], who revised the liquidus curve of the 

Fe-B system on the basis of resistivity measurements in 
conjugation with X-rays and thermal dilatometric studies. 
Kneller and Khan [32] in turn reported Fe-B phase diagram 
with the eutectic temperature 1160 C, determined on the 
basis of DTA and X-ray diffraction measurements. 



Formation of another liquid via the following reaction at 
1202 °C 


■ 


yFe + L 1 + Mo 2 FeB 2 » L 2 + Mo 2 FeB 2 

It is reported by German et al . [2] that the formation of 

Mo 2 FeB 2 during sintering elemental Fe-B-Mo causes swelling, which 
occurs above 752 C [11] . The eutectic liquid exerts a 

capill ar y force, due to this capillary action interconnected 
pores are filled up by this liquid. It helps in particle 
rearrangement by primary densif ication between 1092°C - 1142°C 

[11] . With the rise in temperature > 1200°C secondary 

densif ication of the cermets is effective by dissolution of 
Mo 2 FeB 2 in L 2 resulting in the solution and reprecipitation of 
Mo„FeB„, a process characterizing the second stage of liquid 

Ci <Ct 

phase sintering. 

It is interesting to note that in case of ternary boride 
Mo„FeB there is not much change in sintered porosity after 

<U », M 

1250°C and 1300°C sintering, but the porosity level drops 

significantly at a still higher temperature i.e. 1350°C. This 

confirms that stable sp configuration of boron atoms m boride 

is responsible for the presence of covalent bonding and hence 

poor sinterability at relatively lower temperatures. It is known 

that elemental boron has 2s^2p'*‘ configuration of valence 

3 

electrons, which during formation of crystal attains sp 

configuration because of s >p transition. In case of cermets, 

however, the situation is at a variance. Here the porosity 
levels after 1300°C and 1350°C sintering are much in proximity as 
compared to 1250°C sintering. This is in consonance with the 



high apart from the 


fact that diffusrsivity in the melt is 

increased volume fraction of the liquid phase. 

In case of MoB route, it is obvious that the porosities of 

straight Mo^PeB^ ai t ci any sintering is lower as compared to the 

elemental route: (fig 3. /] , which is associated with faster solid. 

state reaction in the former. However in case of Mo FeB -aFe 

2 2 

cermets, such enhanced densif ication is felt more after 1250°C 
sintering. For other two sintering temperatures viz. 13 00°C and 
1350 °C, the densif ication was almost independent of the 
preparation route. This confirms that at elevated temperatures, 
the attainment of equilibrium was similar in either processing 
route . 

4.3 Mechanical Properties 

The results of Vickers hardness, transverse rupture strength 
and indentation fracture toughness are discussed below. 

4.3,1 Vickers Hardness 

The attainment of better hardness of sintered Mo 2 FeB 2 
prepared through the elemental route after 1350°C sintering as 
compared to that prepared by MoB route (Fig. 3.9) is not 
correlable with mere densif .ication results (Fig. 3.8). It is 
possible that various synthesis stages as enumerated earlier are 
responsible for a better homogeneous ternary phase formation in 
case of elemental route. Enhanced porosity in this case as 
compared to MoB route is attributed to swelling as suggested by 
German et al . [10] . 

In case of cermets it is evident that MoB route gives rise 
to higher hardness values as compared to those obtained through 



elemental route, particularly for 1250 C sintering'. This is 
correlable with the sintered porosity which is lower in the 
former preparation route. However after a still elevated 
temperature sintering i.e. 1300 C and 1350°C, the drop in 
hardness in high volume fraction binder (25.62 vol.%) cermets 
(MoB route) could be attributed to the ease of coalescence among 
boride grains by the Ostwald ripening process, thus promoting 
boride grain coarsening. 

4.3.2 Transverse Rupture Strength (TRS) 

TRS variation with respect to binder content (Fig. 3.10) can 
be directly correlated with the total sintered porosity 
variation, such that an increase in porosity decreases the 
rupture strength. However, with respect to sintering 

temperature, the cermets unlike ternary Mo^FeB^ boride show 
greater TRS values after 1300°C sintering than after 1350°C. 
Since TRS values have large scatter for brittle solids, the above 
conclusions can not be confirmatory. However, one thing emerges 
clearly that for better transverse rupture strength, the 
sintering temperature must be greater than 1250°C. 

SEM fractography results (Fig. 3.13 a & b) showing similar 
fracture mode in straight Mo 2 FeB 2 and cermets (Mo 2 FeB 2 -12 . 43 
vol.%aFe) is attributed to the fact that a relatively high 
porosity after 1250°C sintering in the cermet is sufficient to 
mask the ductilising role of the metal binder. 

4.3.3 Indentation Fracture Toughness (Kc) 

Indentation fracture toughness variation of 1350 C sintered 
cermets demonstrates the toughening effect of metal binder, such 


that there is a 100% increase in the value for 25.62 vol . % aFe 
binder cermet as compared to the straight Mo 2 FeB 2 boride. Such a 
quantitative change is also seen in case of TRS variation. 

4.4 SATURATION MAGNETIC FLUX DENSITY 

As apparent fiom the results (Fig. 3.15), the saturation 
magnetic flux density in case of Mo 2 FeB 2 ~aFe cermets prepared 
through the elemental and MoB route follows an increasing linear 
trend with the increase in binder content. The results are in 
consonance with the fact that a greater volume fraction of 
ferromagnetic component i.e. a-Fe increases the saturation 
magnetic flux density values. Apart from this the porosity also 
plays its role as it increases the resistivity and also decreases 
the eddy current loss. This is the reason why lower volume 
fraction binder containing cermets exhibit rather low magnetic 
flux densities . 

Mo 2 FeB 2 -a Fe cermets prepared through the MoB route exhibit 
slight increase in the saturation magnetic flux density as 
compared to the elemental route. This appears due to an increase 
in grain size. In this case magnetic domains are less hindered 
by grain boundary walls as compared to the cermets prepared 
through the elemental route. 

4.5 CORROSION WEIGHT LOSS STUDY 

From the results it is evident that the straight Mo 2 FeB 2 
boride exhibits least corrosion resistance in 10 wt . % HC1 
solution. The maximum porosity level in straight Mo 2 FeB 2 boride 
is attributed to maximum exposed effective surface area to the 
corrosive medium, and hence more corrosion. 



numnmtn porosity level, thus exposing minimum effective surface 

it least corrosion resistant. Literature [18] 

reports that the corrosion potential of Mo 2 FeB 2 is approximately 

0 try to bO mV and with that of a-iron binder is -450 mV to - 280 

mV with respect to the Ag/AgCl electrode in 10 wt.% HCl . 

Although the a-iron binder corrodes faster as compared to Mo FeB 

2 2 

phase the better corrosion resistance in case of cermets may be 
correlated with better densification. 

Cermet containing 25.62 vol.% a-iron binder exhibits less 
corrosion resistance to that of 12.43 vol.% a-iron bonded cermet. 
This is due to the higher proportion of iron which is more anodic 
in nature. 


Corrosion resistance of the straight Mo^FeB^ in 10 wt.% HF 
is superior as compared to in 10 wt.% HCl solution, which may be 
attributed to the increase in corrosion potential of Mo^FeB^ 
phase. The poor corrosion resistance of Mo 2 FeB 2 -aFe cermets in 
10 wt.% HF solution may be attributed to the decrease in 
corrosion potential of a-iron binder. 

PART II : Mo 2 Fe(Ni )B 2 -Fe(Ni) CERMETS THROUGH THE MoB ROUTE 

4.6 EFFECT OF BALL MILLING ON AVERAGE PARTICLE SIZE 

The average particle size of ball milled powder premixes of 

Mo.Fe (Ni)B„-Fe (Ni) cermets, in general, increases with the 

Z ZL 

increase in Fe (Ni) binder content (Table 3.4). The a-iron and 
nickel binder phases possess 30-40% and 40% ductility with 
hardness of 82 and 85 BHN respectively [33], whereas, the hard 
and brittle MoB phase possesses 2350 kgf/mm 2 microhardness [34] . 



!>rn <n '? i n rn.ijj.lng dur to cascading action between WC balls, 
bcv.il wall and among powder particles multigravity forces arises. 
b u< *' : if h act. ion, the hard and brittle MoB powder particles are 

} .1 r.jft m i d to a relatively greater extent as compared to the 
diu't ilf binder powder particles. Subsequently these fractured 
hard powder particles impinge over the softer Fe(Ni) binder 
powder particles which surround the hard phase. This infers that 
the duct il ising effect of the soft Fe(Ni) binder phase 
decelerates the milling efficiency. On the other hand with the 
increase in vol . % of hard and brittle MoB phase the fineness of 
ball milled powder premixes increases. 

4.7 DENS I FI C ATI ON BEHAVIOUR AND MICROSTRUCTURE 

During reaction sintering starting with powder mixture of 
MoB binary boride and metal binder (Fe/Ni ) , a ternary boride is 
formed at the contacting points. A quasi -binary liquid phase is 
formed between the ternary boride (Mo 2 Fe (Ni ) B 2 ) particles and the 
metal binder phase. This liquid phase so formed promotes 
densif ication through the liquid phase sintering mechanism. 

During synthesis of boride based cermets following steps can 
be con si dered : 

u Formation of Mo 2 Fe (Ni)B 2 from MoB and Fe (Ni) by solid state 

react ion . 

Formation of liquid phase, which helps in particle 
rearrangement during densif ication by the reaction. 

y Fe (Ni ) + + Mo 2 Fe(Ni)B 2 * L 2 + Mo 2 Fe(Ni)B 2 

The temperature at which this reaction takes place is 
dependent on the type of binder. In case of iron binder the 



temperature is 1202°C [11] , while in case of nickel it is above 
,95b C [13] . This indicates that after sintering at 1350°C, 
donsifi cation in nickel bonded cermets should be better than that 
in i i on bonded ones. As a matter of fact this is evidenced by 
better Ostwald ripening in case of nickel bonded cermets. 
However, this is not reflected by the sintered porosity variation 
(Fig. 3.21) . One of the probable reasons appears the fact that 
the calculation of theoretical densities assuming the rule of 
mixture in such reactive systems is on erroneous assumption. 
Another supporting feature for the better sinterability in case 
of nickel bonded cermets can be guessed from the fact that the 
contact melting temperature of MoB 2 ~Ni (1000°C) is lower than in 
case of MoB 2 -Fe (1100°C) [35] . 

Our observation that for any fixed binder level, Ni-bonded 
cermets show maximum grain coarsening (Fig. 3.30), suggests that 
the dissolution kinetics in such binder is fast . This appears to 
be reasonable from the fact that the maximum solubility of 
refractory metal molybdenum in nickel (40%) is more than in 
a- iron (30%) [36] . An increase in the hard phase boride grain 

coarsening with increase in the binder volume fraction in any 
cermet confirms better homogeneous milling in such cases, which 
causes the contiguity of hard ceramic phase to get lowered. Such; 
an event will further accentuate dissolution and reprecipitation 
stage of liquid phase sintering. The presence of some debonded 
rounded particles in the SEM fractographs (Fig. 3.29) independent 
of the type of binder and its content, is not very clear. 

be attributed to some of the original MoB 


However, it may 



Such 


particles, which could not perhaps get fully reacted, 
possibility exists, as the transition metal binder melt does not 
ful.ly wet, MoB [ 37 ] , with the natural consequence of the formation 
of void envelope. 

The variation in sintered porosity in case of straight 
ternary boride is opposite to that for its based cermet. The 
porosity in the former decreases in the sequence Mo FeB — > 
MOpNiBj — »Mo 2 (Fe^ j-Nig 5)^2" The maximum sintered porosity in 
case of Mo^FeB^ appear to be related to the possibility of oxygen 
impurity in iron powder, whose oxide (FeO) is much stabler than 
NiO [3 5 ] . However, the oxide level was not that appreciable to 
get; detected by the present X-ray studies. In case of cermets, 


unlike transient eutectic liquid phase (M 2 B-M) formation during 
synthesis of ternary borides, the binder melt is persistent one, 
which assists in densif ication throughout the sintering cycle. 

From the wettability point of view there is not much 
difference in the contact angles of Vl-th group metal borides 
with either iron or nickel melt [ 37 ] . However, it is also 
reported that the intensity of wetting of a refractory boride 
increases in the order Fe Co~> Ni [ 39 ]. The lowest values of 
sintered porosity in case of Mo 2 FeB 2 -a Fe as compared to 
Mo,N.iB„~Ni cermets may be attributed to the above fact and also 
to 3 sudden diop in suirfs.ce tension of ferrous melt con.t91n.1n9 
oxygen impurity, if any, as compared to the similar nickel melt 


[ 40 ] . 



4,8 MECHANICAL PROPERTIES 

1 he. i e suits of various investigated mechanical properties 
such as Vickers hardness, transverse rupture strength and 
indentation fracture toughness are discussed below: 

4.8.1 Vickers Hardness 

As evident from Fig. 3.23, the cermets with iron and y (FeNi) 
binders show a presence of hardness peak. On the other hand in 
cermets containing nickel, a uniform fall in hardness with 
increase in binder volume fraction is noticed. As mentioned 
previously, nickel containing cermets show maximum sintered' 
density, and any hardness fall is therefore attributed to the 
presence of the relatively soft binder. However in other two 
types of binders, the porosity level in boride, particularly in 
Mo^PeB^, is pretty high and any increase in hardness with the 
initial increase in binder content can be attributed to 

densif ication. The fall in hardness after 12 vol.% binder in 

such cases is due to the softening effect similar in case of 

nickel. As the hardness difference in iron (82 BHN) and nickel 
(85 BHN) is not much, it can be concluded that only parameter 
which contributes in the sintered hardness is the sintered 
porosity. 

4.8.2 Transverse Rupture Strength (TRS) and Indentation 
Fracture Toughness (Kc) 

The improvement in the TRS and fracture toughness of cermets 
with increase in binder content irrespective of the type of 

bi nder can be justified by two reasons. A better densif ication 
with increase in the binder volume fraction and the relatively 
larger proportion of soft binder contribute in enhancing the 



strength of the cermets. It is interesting that TRS of the 
cermets decreases in the sequence Ni-ry (FeNi ) 4 a Fe binder, which 
is also generally similar in case of fracture toughness. It is 
worth noting that the transverse rupture strength of a Mo 2 B^ 
based cermet bonded with 20 vol . % permalloy (600 MPa), as 
i sported by Alfintseva et al . [41], is in proximity of our data 

for cermet bonded with •y(FeNi) (750MPa) . 

It is worth noting that the ultimate tensile strength of 
nickel (310 MPa) is greater to that of iron (193-276 MPa) [42]. 
In addition, the % elongation of the former is somewhat higher 
than the latter. This suffices to conclude that the transverse 
rupture strength and fracture toughness of the Mo 2 NiB 2 ~Ni cermets 
in principle, should be greater than the Mo 2 FeB 2 -aFe cermets. As 
a matter of fact, this has been experimentally confirmed 
prsently. FCC nickel is known to be responsive to a large number 
of slip systems during plastic deformation as compared to solid 
solution strengthened Fe-Ni binary alloy. 

Literature [43] confirms better strength of Fe-Ni alloy as 
compared to straight nickel. However, such a feature is not 
suggested from the present TRS variation (Fig. 3.24), where the 
fall in TRS is in the sequence Ni -4 n (FeNi) -4 aFe. This can be 
related with the probable segregation of intermetallics around 
the stacking faults in Fe-Ni alloy, thus lowering the energy. 
Such a feature of solute segregation was noticed by Howie anc 
Swann [44] . 

With the difficulty in obtaining equilibrium condition; 
below about 400°C for Fe-Ni alloys containing more than 3d 



nickel, it is safely assumed that at room temperature the 

iron-nickel is in austenitic (FCC) phase. This has been 

confirmed by present X-ray studies (Fig. 3 . 34 ). 

4.9 SATURATION MAGNETIC FLUX DENSITY 

It is evident that all the binders used presently in the 
cermets are ferromagnetic which have positive exchange energy. 

It is known that in condensed state the spin dipole magnetic 

moment for iron and nickel are 2.2 and 0.6 Bohr magnetons 
respectively [45], i.e. former about four times greater than the 
latter. This appears to control the end magnetic property of the 
investigated cermets, such that iron bonded ones exhibit higher 
saturation magnetic flux density values than the ar(FeNi) bonded 
ones. In the weakly ferromagnetic nickel bonded cermets no such 
measurements could be made. Another interesting feature is that 
the gap in the flux density becomes wider with increase in the 
binder content after 12 vol%. The picture in cermet is, however, 
much more complex, where in ternary borides transition metal 
atoms (Mo, Fe, Ni) are associated with nontransition metal atom 
(B) . The latter group atoms are characterized by a potential 
which is deeper than that of a transition element atom for s and 
p states, the potential is practically equivalent so that of a; 
vacancy for d-states [46] . 

4.10 THERMAL SHOCK RESISTANCE 

Thermal shock in cermets is of very wide significance in 
most applications involving high temperatures. The thermal shock 
results in differential temperature throughout the body, leading 
to the generation of strains and stresses which may cause 



cracking and failures. In general, cracking will be initiated 
when the maximum tensile thermal stress in the material reaches 
the fiucture stress as measured under conditions appropriate to 
the t he 1 trial shock in terms of temperature, environment, state of 
stress and direction of stress. The critical parameters are, 
therefore, the heat transfer coefficient between the material and 
surrounding environment and the thermal conductivity of the 

material. The different level of porosity in the sintered 
cermets would also have an effect on the thermal conductivity. 
Our results, however, indicate that the thermal shock resistance 
of: the cermets is independent of the binder content. This 
anomaly appears due to the lack in sensitivity in the 
measurements more than anything else. 

4.11 CORROSION WEIGHT LOSS STUDY 

The results of corrosion weight loss study of Mo 2 FeB 2 ~a:Fe 
cermets in 10 wt% HCl and 10 wt % HF solutions have been 

discussed in section 3.17. 

The straight Mo 2 (Fe Q ^Ni Q 5 )B 2 boride exhibits higher 
corrosion potential in 10 wt% HCl as compared to in 10 wt % HF 
solution. The difference in corrosion potential between 

Mo 2 (Pe Q 5 Ni Q 5 )B 2 and y (FeNi) phases is not much in 10 wt% HCl 

solution, whereas in 10 wt% HF the difference in corrosion 
potential is quite significant. This gives rise to poor 
corrosion resistance in higher y(FeNi) bonded cermets. 

Mo NiB -Ni cermets exhibit maximum corrosion resistance ir 
2 2 

10 wt % HF. This may be attributed to the fact that the 
difference in corrosion potential between Ni and Mo 2 NiB 2 phase if 



a3 rnor.t negligible. Whereas in 10 wt% HCl solution the change in 
con. os ion potential appears to be appreciable. The corrosion 
potential of the straight borides increases in the order 

MOjfreB ^ * Mo 2 ^ Fe 0 , 5 N ^0 . 5^ B 2 >Mo 2 NiB 2 . Cermets binder 

corrosion potential also increases in the order ceFe > 

r (!• eNi ) >Ni which is attributed to superior corrosion 
resistance of Mo^NiE^-Ni cermets in either corrosive medium. 

4.12 ELECTRONIC APPROACH TO BORIDE BASED CERMETS 

In such type of inorganic cermets the constitutents pertain 
to transition metals (Mo, Fe, Ni) and a nonmetal (B) . These 
elements are characterized as d and sp type elements according 
to their valence electron configuration. 

Samsonov and Upadhyaya [4 7] have elaborately discussed the 
role of configuration model in obtaining various high temperature 
materials. The essence of this model is that the valency of the 
individual atoms while being grouped in the condenced state, are 
divided into localized and nonlocalized parts. The localized 
part of valence electrons forms a configuration of spectrum in 
which maximum statistical weights are possessed by most stable 
configuration. These are responsible for a minimum store of free 
energy. Such configurations are d , d and d for the 
transition metals and s 2 p^ and quasistable sp configuration for 
the sp elements. The maximum localization results in the highest 
strength of the crystal lattice and also the maximum sharing oi 
the directional covalent bonds in compounds like borides. The 
localization must therefore be reviewed in relation to M-M an 
M-B bonds, the ratio of which governs the properties of th 



mater j al . 


One of the most important tendencies in the electronic 
u-ti uct.uie of box on is the formation of sp 3 configuration 
according to the scheme [48] 
op 2 + sp 2 - sp 3 + sp 

In metallic borides the transformation of sp 2 configuration 
can happen also in sp configuration with the release of two 
electrons which are not bound in sp configuration. 

Wettability is an important aspect for the development of 
cermets, which has been discussed by Upadhyaya [4 9] in details. 
According to him following conclusions can be drawn. 

1 For the same transition metal borides wetting angle, in 
general, increases with increase in the period number of the 
molten metal. 

2. For IVth group transition metal borides in case of iron 
group melts, the wettability increases in the order 

Fe — »Co »Ni, while for Vth and Vlth group borides the 

reverse is true. This infers that for higher statistical 
weight of sp 3 configuration, the energetic stability of 
transition metals must also be high for better wettability. 
In the present investigation it has been observed that 
mechanical properties for example transverse rupture strength anc 
indentation fracture toughness of Mo 2 Fe (Ni) B 2 ~Fe (Ni) cermets 

decrease in the sequence Ni > y(FeNi) > o. Fe. This shows 

that the total bond strength in nickel containing cermets ii 
highest . 

Since the statistical weight of d configuration fo 



Hi (88%) is higher than that of Fe(46%) [50] , it is obvious that 

the bonds in the cermets are more localized in case of former 
than the later. Such a treatment although qualitative in nature 
is helpful in developing novel boride based cermets. 

The interfacial bonds strength, which is the net result of 
wettability of the binder to the hard boride phase, is of 
importance. For example in developing steel matrix composites 
containing various volume fraction of TiB 2 [51] , it was reorted 
that with the increase in volume fraction of TiB 2 the total 
sintered porosity increases, thus making the composites less 
dense. This correlates that Fe with rather low statistical 
weight of d 1( ^ configuration is not an ideal candidate for such 
composities. However, from the cost point of view the preference 
naturally goes to iron. Under these circumstances the alloying 
of iron with nickel appears to be the legitimate answer. 



CHAPTER V 
CONCLUSIONS 


1 . The straight Mc> 2 FeB 2 boride prepared through the elemental 

route after 1250 C and 1300°C sintering exhibits swelling, 
'o Volume shrinkage increases with the increase in binder 
content and sintering temperature (1250°C - 1350°C) . 

^°2^ e ^2 ~ -*-2.4 3 vol.% aFe cermet prepared through the MoB 
route at 1300°C shows a maximum % volume shrinkage. 

2. Densif ication parameter in case of straight Mo 2 FeB 2 and its 
a- iron bonded cermets prepared through either elemental or 
MoB route at 1250°C increases with the increase in binder 
content . The straight Mo 2 FeB 2 boride prepared through the 
MoB route exhibits higher densif ication parameter as 
compared to the elemental route. 

3. Mo 2 FeB 2 ~aFe cermets prepared through the elemental route 
possess fine grain structure as compared to those after Mol 
route. The boride grain size increases with the increase 
in binder content and sintering temperature. 

4 . Mo 2 FeB 2 ternary boride phase has a tetragonal lattio 
structure , which is independent of the processing route 
The structure type is isotype with that of U^Si 
superstructure. 

5. Mechanical properties e.g. Vickers hardness of Mo 2 FeB 2 -aE 
ceremts prepared through the elemental route increase wit 
the increase in ct-iron binder content and sinterii 


r-t 



temperature. Transverse rupture strength of such cermets 
prepared either through elemental or MoB route increases 
with the increase in binder content. 

6. Thermal shock resistance of Mo 2 FeB 2 ~aFe cermets is 

independent of the binder content. 

I . The corrosion resistance of the straight Mo 2 FeB 2 boride 

prepared through the MoB route at 1350°C in 10 wt . % HF 
solution is superior to that corresponding to 10 wt.% HCl 
solution. In case of a-iron bonded cermets corrosion 
resistance is superior in 10 wt.% HCl solution. 

8. Sintered porosity of ternary borides decreases in the order 

Mo^FeB„ Mo„NiB„ Mo 0 (Fe~ ,-Ni. ,_)B 0 , while in their based 
A A A A A U.bU.bz 

cermets the order is reverse. With the increase in the 
binder content in the range 0-24 vol.%, sintered porosity 
falls . 

9. Sintered hardness of ternary borides decreases in the order 
Mo 2 NiB 2 -> Mo 2 (Fe Q gNi fl 5 )B 2 -> Mo 2 FeB 2 while in case of their 
based cermets the order is reverse. cc-iron and y(FeNi) 
binder containing cermets exhibit a hardness maximum at 12 
vol% binder, while nickel bonded cermets show uniform 
hardness fall with increase in the binder content. 

10. Transverse rupture strength of all cermets irrespective of 
the binder increases with the increase in the bindei 
content. In magnitude the value for any binder compositioi 
decreases in the sequence Ni -» 7 (FeNi) -> aFe bondei 


cermets . 



, ^ . . _ fracture toughness variation 

] 1 . The sequence in indentation f 

o-imiTar to transverse rupture 
also follows the pattern similar 

, r _ hinder content greater than 24 

strength. However for a Dina 

vol . % ^(FeNi) the toughness drops drasti y 

, . K ' f maximum grain coarsening by 
12. Nickel bonded cermets exhibit 

, . i •; nn id phase sintering, followed by 

Ostwald ripening during liquid p 

the y(FeNi) and a-iron bonded cerme 

-mntv of Mo 0 Fe (Ni) B„-Fe (Ni) cermets 

13 . Boride-binder phase contigui y 2 

in Fe(Ni) binder content. The 

increases with the increase 

, binder phase contiguity in these 

increase m boride - binae v 

J 4n hinder as aFe->y(FeNi) ->Ni. 
cermets exhibits the order 

fh o£ Mo,Fe(Ni)B 2 -Fe(Ni) cermets 

14 . Binder mean free path 2 

■ „ pe(Ni) binder content. 

increases with the increase 

„ hase possesses an orthorhombic 
15. Mo NiB ternary boride P 

. „ The structure type is isotype with that 

lattice structure. The si 

nf MO_ (Fe„ I-Nl n 


.ce scruciuie. - , 

„ noture m case o£ M0 2 (Fe 0 . 5 M3 -0 .5> B 2 

' CoB 0 superstructure. 

2 2 io rp.traaonal ana 


of W„CoB„ superstructure. 

Horide the structure is tetragonal and 
mixed double ternary boride 

f tt Si superstructure. 

is isotype with that of U 3 b 2 

. flux density of cermets increases 

16 ■ Sat “ ati ° n ™ a9netlC in binder content , the value is 

uniformly with the rncrease ^ ^ ^ f (FeNi , bond ed 

greater for a-iron bonded 


° neS ’ „ o£ any investigated cermet 

17 . The thermal shod The val ues for 

system is independent o twice than thos e for 

nickel and i (FeNi) bonded cerme 


cc-iron bonded cermets. 


3B. Iii ( ’ con obion i esietance of Mo„Fe (Ni) B_-Fe (Ni ) cermets 

£ <6 

incrciaBee in the order of binder as a Fe -» y (FeNi) -> Ni in 
either corrosive medium i.e., 10 wt.% HCl or 10 wt.% HF. 

] '» . The properties of the cermets can be correlated with the 

bonding between the hard phase and binder, which in its own 
turn depends on the electronic structure of the indivisual 
components . 

20 . Mo„Fe (Ni )B n ~Fe (Ni) cermets exhibit intergranular brittle 

£. *'» 

fracture mode . 
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APPENDIX 


X- 

Table : 

Cermet 

RAY DIFFRACTION RESULTS OF Mc> 2 

A1 

Composition : 100% Mo^FeB^ 

0% binder 

Radiation : CuK 

a 

Fe(Ni)B 2 -Fe(Ni) 

CERMETS 

Diffraction Interplanar 

% Relative 

Diffracting 

Identified 

Angle 

Spacings 

Intensity 

planes 

Phases 

0 B, V 7 
h i k i I 

(°) 

d h . k . 1 . 
i 111 

(A ) 

j x 100% 

max 

{h.k.l . } 


14 . 23 

3 . 1373 

15.66 

{001} 

Mo 2 FeB 2 

17.20 

2 . 607 

70.48 

{210} 

Mc> 2 FeB 2 

18 . 00 

2.4947 

24 . 10 

{ill} 

Mo 2 FeB 2 

21.20 

2 . 1318 

88 . 55 

{201} 

Mo 2 FeB 2 

22.03 

2 . 0557 

37 . 35 

{220} 

Mo 2 FeB 2 

22 . 65 

2 . 0019 

100 . 00 

{211} 

Mo 2 FeB 2 

24.80 

1.8379 

40 . 96 

{310} 

Mo 2 FeB 2 

29.40 

1.5704 

21.69 

{002} 

Mo 2 FeB 2 

33 . 18 

1.4088 

25.90 

{410} 

Mo 2 FeB 2 

35.00 

1 . 3441 

28.92 

{212} 

Mo 2 FeB 2 

36.85 

1 . 2855 

39.76 

{420} 

Mc> 2 FeB 2 

37.85 

1 . 2564 

40 . 96 

{331} 

Mc> 2 FeB 2 

40.25 

1 . 1931 

26 . 51 

{312} 

Mo 2 FeB 2 



12.43 vol . % aFe 


Table : A 2 

Cermet Composition : Mo 2 FeB 2 - 
Radiation : CrK 

a 


Diffraction 

Angle 

f h . k , I . 

ill 

(0) 

Interplanar 

Spacings 

. k . 1 , 

ill 

(A) 

% Relative 
Intensity 

Y x 100 % 

max 

Diffracting 

planes 

{h.k.l. } 

Identified 

Phases 

21.40 

3 . 1393 

31 . 75 

{001} 

Mo 9 FeB 2 

26.22 

2 . 5926 

79 .37 

{210} 

Mo 9 FeB 9 

27.34 

2 .4941 

28.57 

{111} 

Mo 9 FeB 2 

28 . 88 

2 . 3720 

30 . 16 

- 

7 

32 .60 

2 . 1260 

84 . 13 

{201} 

Mo^FeB^ 

3 3.98 

2 . 0497 

30 . 16 

{220} 

Mo 2 FeB 2 

34 .25 

2 . 0353 

28 . 57 

{110} 

aFe 

34 . 93 

2 . 0008 

100 . 00 

{211} 

Mo 2 FeB 2 

38.73 

1 . 8310 

41.27 

{310} 

Mo 2 FeB 2 

46.73 

1 . 5731 

20.63 

{002} 

Mo 2 FeB 2 

47.90 

1 . 5438 

19.05 

- 


54.55 

1.4061 

22.22 

{410} 

Mo 2 FeB 2 

58.53 

1 . 3431 

36.51 

{212} 

Mo 2 FeB 2 

63.15 

1 . 2839 

47 . 62 

{411} 

Mc> 2 FeB 2 

66 . 03 

1 . 2536 

47 . 62 

{331 } 

Mc> 2 FeB 2 



Table : A3 

Cermet Composition : 100% Mo„(Fe n Ni _)b 

2 0.5 0.5 2 

0% binder 

Radiation : CrK 

a 


Di f f racti on 
Anql e 

0 U 

Vs A 

(°i 

Interplanar 

Spacings 

rl 

h . k . I . 

ill 

(A) 

% Relative 
Intensity 

~ x 100% 

max 

Diffracting 

planes 

{h.k.l . } 

1 i i i J 

Identified 

Phases 

21.3 3 

3.1498 

8.98 

{001} 

Mo 2 (Fe 0 . 5 Ni 0. B 2 

23 . 2 3 

2 . 9047 

12.11 

{200} 

Ho 2 (Fe 0.5 Ni 0.5 )B 2 

2 6.1 3 

2.6013 

46.09 

{210} 

MO 2 (Fe 0.5 Ni 0.5 IB 2 

2.7 .28 

2 .4996 

16.41 " 

{111} 

M °2 ^ Fe 0 .5 Nl 0 . 5^ B 2 

2 8 . 9 5 

2.3664 

13 . 67 

- 


3 2 , 4 8 

2.1333 

100 . 00 

{201} 

MO 2 (Fe 0.5 Ni 0.S )B 2 

3 3 . 75 

2.0618 

31.25 

{220} 

M °2 IFe 0.5 Ni 0.5 )B 2 

34 . 80 

2.0070 

59.38 

{211} 

M°2 (Fe 0.5 Ni O. 5 )B 2 

3 8 . 50 

1 .8400 

17.58 

{310} 

MO 2 (Fe 0.5 N Vs )B 2 

5 3 . 9 3 

1.4172 

12.11 

{410} 

MO 2 (Fe 0.5 Ni 0.5 )B 2 

5 8 . 3 0 

1 .3463 

44.53 

{212} 

Mo 2 ( ?e 0 .5 Ni 0 . 5^ B 2 

62 . 60 

1.2902 

19.53 

{420} 

Mo 2 (Fe 0.5 Ni 0.5 )B 2 

6 5.40 

1.2598 

75.78 

{410} 

M °2 ^ Fe 0.5 Nl O . 5^ B 2 



Table ; A 4 


Co 

irnet; Composition : 

Radiation : CrK 

MO 2 (Fe 0.5 N 0.B )B 2 - 11 ' 
a 

51 vol . % y (FeNi) 

Dif. f rae 
Angl e 

*Vk ■ 1 

:i i 

(°) 

t ion Interplanar 
Spaci ngs 

d h . k . 1 . 

■ 13 1 

(A) 

% Relative 
Intensity 

y x 100% 

max 

Diffracting 

planes 

{h . k . 1 . } 

[ Identified 
Phases 

21 .35 

3 . 1463 

33 . 00 

{001} 

MO 2 (Pe 0.5 Ni 0.5 )B 2 

2 6.18 

2 .5967 

90 . 00 

{210} 

M °2 ^ Fe 0 . 5 Ni 0 . 5^ B 2 

27 . 3 3 

2 .4953 

43 . 00 

{111} 

M °2 ^ Fe 0 . 5 Ni 0 . 5 ^ B 2 

32.48 

2.1333 

98 . 00 

{201} 

Mo 2 ^ Fe O.5 Ni 0. 5 ^ B 2 

3 3.45 

2.0781 

84 . 00 

{111} 

y (FeNi) 

3 3 . 88 

2 . 0551 

66 . 00 

{220} 

MO 2 (Fe 0.5 Ni 0.5 )B 2 

34 . 90 

2 . 0020 

100.00 

{211} 

MO 2 (Fe 0.5 Ni 0.5 )B 2 

3 8 . 58 

1 . 8370 

50 . 00 

{310} 

MO 2 (Fe 0.5 Ni 0.5 )B 2 

3 9 . 50 

1 .8008 

28 . 00 

{200} 

y (FeNi) 

4 6 . 63 

1.5759 

16 . 00 

{ 002} 

M °2 (Fe O.5 Nl 0. 5 )B 2 

54 .35 

1.4096 

26 . 00 

{410} 

Mo 2 (Fe 0.5 Ni 0.5 )B 2 

58 . 25 

1.3470 

24 . 00 

{212} 

MO 2 (Fe 0.5 Ni 0.5 )B 2 

62.85 

1.2873 

38 . 00 

{411} 

M° 2 (Fe Q _ 5 Ni 0 _ 5 )B 2 

65.70 

1.2568 

29 . 00 

{220} 

y (FeNi) 

66.38 

1.2502 

22.00 

{331} 

Mo 2 (Fe 0.5 Nl 0.5 )B 2 



Tab] e : hS 

Cermet Composition : 100% Mo NiB 

2 2 

0% binder 

Radiation : CrK 

a 


Pi i fraction 
Ang.l e 

0 

p, 

h h . k .1. 
a a a 

(") 

Interplanar 

Spacings 

d 

h . k . 1 . 
a. l i 

(A) 

% Relative 
Intensity 

j x 100% 

max 

Diffracting 

planes 

{h.k.l.} 

i i i ‘ 

Identified 

Phases 

18 . 93 

3 . 5317 

8.36 

{200} 

Mo 9 NiB^ 

23 .28 

2 . 8988 

18.58 

{101} 

Mo^NiB^ 

2 6.10 

2 . 6037 

22.29 

{011} 

Mo 9 NiB 9 

3 0 . 2 3 

2.2754 

35.91 

{020} 

Mo ? NiB 9 

31 . 50 

2.1923 

6.81 

- 

? 

3 3.1 8 

2 . 0933 

100 . 00 

{310} 

Mo 9 NiB 9 

36.78 

1 . 9133 

12.07 

{220} 

Mo 9 NiB 9 

37.23 

1.8935 

8.67 

{301} 

Mo 9 NiB 9 

3 ft . 7 b 

1 . 7,913 

20.43 

{121} 

Mo 9 NiB 9 

46.08 

1 . 5904 

14.24 

{002} 

Mo 9 NiB 9 

5 6 . 5 8 

1 . 3724 

6.81 

{031} 

Mo ? NiB 9 

57.88 

1.3525 

5.57 

{510} 

Mo^NiB^ 

59.28 

1.3325 

6.19 

- 

? 

61.45 

1.3040 

10.53 

{022} 

Mo 2 NiB 2 

62.20 

1 .2949 

14.86 

{501} 

Mo 2 NiB 2 

6 3 . 6 5 

1.2783 

22.91 

{231} 

Mo 2 NiB 2 

64 . 63 

1.2678 

29.1 

{312} 

Mo 2 NiB 2 

6 9 . 3 3 

1 . 2243 

7.12 

{222} 

Mc> 2 NiB 2 



Table : AG 

Cermet Composition : 100% Mo 2 NiB -10.88 vol.%Ni 
Radiation : CrK 

a 


D:i f f x act., i on 
Anq] e 

0,-/ 

1 'h . k , 1 ■ 
a i a 

(°) 

Interplanar 

Spacings 

d h.k.l , 
air 

(A) 

% Relative 
Intensity 

y x 100% 

max 

Diffracting 

planes 

t h i k i J i) 

Identified 

Phases 

23 . 28 

2.8988 

19.05 

{101} 

Mo 9 NiB 9 

26 . 00 

2.6130 

16.99 

{011} 

Mo 2 NiB 2 

28 . 93 

2.3683 

10.41 

- 

? 

30.18 

2.2789 

20.97 

{020} 

Mc> 2 NiB 2 

31 . 73 

2.1783 

5.78 

- 

7 

33.05 

2 . 1003 

100 . 00 

{211} 

Mc> 2 NiB 2 

84 . 38 

2 . 0288 

3 .54 

{111} 

Ni 

3 6 . 6 8 

1.9178 

4 .84 

{220} 
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